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. ' , DESCRIPTION 

OPTICAL DEVICE, OPTICAL DEVICE MANUFACTURING MEHTOD, AND OPTICAL 

INTEGRATED DEVICE 

TECHNICAL FIELD 
The present invention relates to an optical device having 
a sheet-form transmission line used for high-speed multi-mode 
optical transmission and a method of manufacturing the optical 
device, and more specifically, to an optical device using a 
self-imaging principle of a multi-mode interference suitable for 
an optical splitter, an optical combiner , an optical demultiplexer , 
an optical multiplexer, an optical straight sheet bus, an optical 
cross sheet bus, a star coupler, an optical switch and the like, 
and a method of manufacturing the optical device. Moreover, the 
present invention relates to an optical integrated device having 
the above-described optical device in a plurality of numbers. 

BACKGROUND ART 
Research has been performed on an optical device using an 
optical transmission line which optical device is suitable for 
optical communication systems and the like. It is expected that 
such an optical device will be applied to an optical data bus sheet 
for data exchange between optical circuits and applied to an optical 
splitter for splitting a signal beam and an optical combiner for 
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combining signal beams. Of the optical transmission lines, a 
multi-mode optical transmission line, which is inexpensive 
compared to a single-mode optical transmission line, can take the 
place of a conventional electronic circuit. 

An example of the multi-mode optical transmission line is 
a sheet-form multi-mode optical transmission line. For example, 
Document (3) discloses an optical bus circuit board provided with : 
a sheet-form transparent medium whose refractive index is 
homogeneous; a laser diode array that makes a signal beam incident 
on an incident end surface of the transparent medium; and a 
photodiode array that receives the signal beam having exited from 
the exit side end surface of the transparent medium. In the optical 
bus circuit board disclosed in Document (3), the incident beam 
emitted from the laser diode array is repetitively totally 
reflected in the direction of the thickness and in the direction 
of the width inside the transparent medium, exits from the entire 
area of the exit side end surface as the exiting beam, and is received 
by the photodiode array. 

Moreover, Document (2) discloses, like Document (3) , an 
optical splitter provided with: a sheet-form transparent medium 
whose refractive index is homogeneous; a laser diode that makes 
a signal beam incident on the transparent medium; and a plurality 
of optical fibers that receives the signal beam having exited from 
the transparent medium. In the optical splitter described in 
Document (2) , a light diffusing layer is provided on the incident 



side end surface so that the signal beam is efficiently diffused 
inside the transparent medium within a short distance . In Document 
(2) , the incident beam is also repetitively totally reflected in 
the direction of the thickness and in the direction of the width 
5 within the transparent medium, exits from the entire area of the 
exit side end surface as the exiting beam, and is received by the 
photodiode array. 

Moreover, Document (1) discloses a sheet-form optical data 
bus having a refractive index distribution such that the highest 

10 refractive index is provided at the center in the direction of 
the thickness and the refractive index is decreased with distance 
from the center. In the optical data bus described in Document 
(1) , the mode dispersion of multiple modes is reduced by the 
refractive index distribution . In Document (1), the incident beam 

15 also exits from the entire area of the exit side end surface as 
the exiting beam. 

On the other hand, there is a technology in which an optical 
waveguide that transmits a signal beam in multiple modes in the 
direction of the width is disposed between a single-mode optical 

20 transmission line on the incident side and a single-mode optical 
transmission line on the exit side. This optical waveguide has 
a predetermined size L in the direction of the length which size 
L is determined by a uniform refractive index n of the optical 
waveguide, the basic mode width W 0 , in the direction of the width, 

25 of the optical waveguide and the wavelength X of the transmitted 



signal beam. The optical waveguide generates the exiting beam 
by the eigenmodes of the signal beam interfering with each other 
in the direction of the length, based on the size L in the direction 
of the length (Documents (4) to (8), (11)). 
5 Moreover, in recent years, in the field of optical 

communications, a wavelength division multiplexing (referred to 
also as WDM) method has been examined in which, in order to increase 
the communication capacity, a plurality of signals is superimposed 
on a signal beam of different wavelengths to be multiplexed and 

10 transmitted on the same optical transmission line. In the WDM 
method, optical devices such as an optical demultiplexer that 
demultiplexes signal beams of different wavelengths and an optical 
multiplexer that multiplexes signal beams of different wavelengths 
play an important role. 

15 A conventional example is known that realizes such an optical 

demultiplexer and an optical splitter by use of the technology 
in which an optical waveguide that transmits a signal beam in 
multiple modes in the direction of the width is disposed between 
a single-mode optical transmission line on the incident side and 

20 a single-mode optical transmission line on the exit side (Documents 
(9), (12) to (15)). These conventional optical demultiplexer and 
optical splitter are connected to the incident side single-mode 
waveguide and to the exit side single-mode waveguide, and are 
provided with the optical waveguide that transmits a signal beam 

25 in multiple modes in the direction of the width. In the optical 



devices described in Documents (9) and (12) to (15), a multiplex 
signal beam of two wavelengths that are different from each other 
is transmitted in the incident side single-mode waveguide and made 
incident on the optical waveguide. The size, in the direction 
of the width, and the size, in the direction of the length, of 
the optical waveguide are set so that the exiting beam is generated 
in a different position on the exit end by the eigenmodes of the 
signal beam interfering with each other in the direction of the 
length. 

Moreover, Document (10) discloses a method of manufacturing 
an optical device provided with an incident side beam converter, 
an optical waveguide and an exit side beam converter. The optical 
device manufacturing method of Document 10 describes that the 
optical waveguide is formed by enclosing a fluid material in a 
glass substrate. Moreover, Document (10) particularly discloses 
that the incident side beam converter and the exit side beam 
converter are provided with a refractive index distribution by 
successively laminating materials having different refractive 
indices (see Document (10), FIG. 4 and the corresponding 
description) . 

In a case where the multi-mode optical transmission line 
is made of a homogeneous medium, when a signal beam is transmitted, 
the physical optical path length (phase velocity) differs among 
the modes. For this reason, a phenomenon occurs in which the 
intensity distribution of the exiting beam varies depending on 



the length of the optical transmission line. 

Moreover, when the length of the multi-mode optical 
transmission line is long to an extent that exceeds 100 mm, since 
the group velocity differs among the optical paths, a phenomenon 
5 occurs in which the signal wavef ormof the transmitted beam changes . 

As described above, when a mode dispersion occurs which is 
a reduction in which the phase velocity or the group velocity differs 
among the modes, the signal beam cannot be transmitted while the 
intensity distribution of the incident beam is maintained to the 

10 exit side. 

To solve the above-mentioned problem, an optical 
transmission line provided with a refractive index distribution 
is proposed. A signal beam propagating through a medium having 
a refractive index distribution draws a curved (meandering) beam 

15 locus based on the refractive index distribution. By applying 
this phenomenon, even if the physical optical path lengths of the 
optical paths are different f romeach other, the optical path length 
thereof can be made the same as each other by the difference in 
refractive index. Therefore, by appropriately setting the 

20 refractive index distribution, a multi-mode optical transmission 
line can be obtained since the mode dispersion is suppressed. 

For example, Document (1) describes an optical device 
provided with laminated sheet-form optical transmission lines and 
having a refractive index distribution in the direction in which 

25 the sheet-form optical transmission lines are laminated. The 



sheet-form optical transmission lines described in Document (1) 
are capable of transmitting a gigabit-class high-frequency signal 
in multiple modes since the mode dispersion is suppressed by the 
refractive index distribution. 
5 Such an optical device requires a structure for making a 

signal beam incident on the sheet-form optical transmission lines 
and making the signal beam to exit from the sheet-form optical 
transmission lines. In the optical device described in the 
above-described Document (1) , a signal beam is made parallelly 
10 incident in the signal beam transmission direction from one end 
of the sheet-form optical transmission lines, and parallelly exits 
in the signal beam transmission direction from the other end of 
the sheet-form optical transmission lines (FIGs. 1 and 9 of 
Document ( 1 ) ) . 

15 Moreover, a technology is known in which the optical 

waveguide (sheet-form optical transmission line) is provided with 
a mirror for perpendicularly bending the optical axis of the signal 
beam and the optical waveguide is coupled to the outside (FIGs. 1 
and 2 of Document (16)2) . In the optical waveguide described in 

20 Document (16), the signal beam incident from a direction 
perpendicular to the transmission direction is bent by a mirror 
disposed at 45 degrees from the signal beam transmission direction 
and is incident on the optical waveguide. Moreover, the signal 
beam transmitted through the optical waveguide is bent by a mirror 

25 disposed at 45 degrees from the signal beam transmission direction 



and exits in a direction perpendicular to the transmission 
direction (see FIGs. 1 and 2 of Document (16)). 
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DISCLOSURE OF THE INVENTION 

20 The multi-mode optical transmission lines described in 

Documents (2) and (3) transmit the incident beam that is incident 
as a signal beam while totally reflecting it in the direction of 
the thickness and in the direction of the width inside the 
transparent medium. For this reason, the optical path length 

25 difference occurs among the paths of the incident beam that is 

9 



incident while being diffused, and this causes the mode dispersion . 
Therefore, in the multi-mode optical transmission lines described 
in Documents (2) and (3), the transmission speed is limited by 
the typical incident beam dispersion, so that transmission at a 
5 high speed exceeding 10 Gbps cannot be performed. 

In the optical data bus described in Document (1), since 
a refractive index distribution is provided in the direction of 
the thickness, themode dispersion in the direction of the thickness 
is suppressed. However, since the refractive index is uniform 

10 in the direction of the width, the mode dispersion in the direction 
of the width occurs, so that the transmission speed is limited 
as well. Moreover, in all of the technologies described in 
Documents (1) to (3), since the incident beam exits from the entire 
area of the exit side end surface as the exiting beam, the loss 

15 of coupling to the optical transmission line provided on the exit 
side is large. 

Moreover, in the optical waveguides described in Documents 
(4) to (8) and (11), when a signal beam that is single-mode in 
the direction of the thickness is made incident, the coupling loss 
20 is small and the signal beam can be transmitted at high speed. 
However, even in the case of a single mode, when an incident beam 
largely diffused and having a large spread angle or an incident 
beam with a large beam diameter such as an exiting beam from a 
multi-mode waveguide is used as the signal beam, since the coupling 
25 to the optical waveguide is difficult, the loss of the signal beam 

10 



when the signal beam is incident and exits is large. Moreover, 
in the optical waveguide described in Documents (4) to (8) and 
(11), since loss is large with respect to the incident beam that 
is incident with its axis being shifted from the center of the 
5 optical waveguide, it is necessary to couple the incident and 
exiting beams to the incident and exit sides with high accuracy. 

Moreover, when the optical waveguides described in Documents 
(4) to (8) and (11) are used with a signal beam that is multi-mode 
in the direction of the thickness being made incident, the problem 

10 is improved that it is difficult to couple the incident and exiting 
beams with respect to the incident beam largely diffused and having 
a large spreadangle andthe incident beam with a large beamdiameter . 
However, when the optical waveguides described in Documents (4) 
to (8) and (11) are used with a signal beam that is multi-mode 

15 in the direction of the thickness being made incident, the mode 
dispersion occurs in the direction of the thickness, so that the 
signal beam cannot be transmitted at high speed. Moreover, in 
this case, since a plurality of eigenmodes , excited in the direct ion 
of the thickness, of the incident beam that is incident with its 

20 axis being shifted in the direction of the thickness interferes 
in the direction of the length, the intensity distribution, in 
the direction of the thickness, of the exiting beam is changed. 
When the intensity distribution in the direction of the thickness 
is changed, the loss when the exiting beam is coupled to the optical 

25 transmission line on the exit side is large. 
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On the other hand, the optical device manufacturing method 
described in Document (10) discloses not an example in which the 
optical waveguide is provided with a refractive index distribution 
but an example in which the incident side or exit side beam converter 
5 is provided with a refractive index distribution. Therefore, when 
the process, of manufacturing the optical waveguide, of the optical 
device manufacturing method described in Document (10) is used, 
only the conventional optical transmission lines, having a 
homogeneous refractive index, described in Documents (1), (2), 

10 (4) to (9) and (11) to (15) can be manufactured. Moreover, when 
the process, of manufacturing the beam converter, of the optical 
device manufacturing method described in Document (10) is used, 
since the size in the direction of the width and the size in the 
direction of the length are defined so that a lens function is 

15 provided, an optical waveguide that causes a multi-mode 
interference cannot be obtained. Moreover, the process, of 
manufacturing the beam converter, of the optical device 
manufacturing method described in Document (10) cannot be s.aid 
to be a method that is high in productivity when applied to a method 

20 of forming a refractive index distribution in the optical waveguide, 
because it is a method in which materials having different 
refractive indices are successively laminated. 

Accordingly, a first object of the present invention is to 
provide an optical device having a sheet-form multi-mode optical 

25 transmission line where the coupling when a signal beam is made 
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incident and made to exit is easy and loss is small, and being 
capable of high-speed transmission of approximately 10 Gbs equal 
to the speed of the signal beam transmission in a single mode, 
and a method of manufacturing the optical device. Moreover, the 
5 first object of the present invention is to provide an optical 
integrated device having the above-described optical devices in 
a plurality of numbers and a method of manufacturing the optical 
integrated device . 

The above-mentioned first object is achieved by the following 
10 first optical device: 

An optical device that connects, by a signal beam, between 
an externally inputted input signal and an output signal to be 
outputted, is provided with 

an optical transmission line being sheet-form and including 
15 a refractive index distribution such that a highest refractive 
index part is provided in a direction of a thickness of the sheet 
and a refractive index does not increase with distance from the 
highest refractive index part in the direction of the thickness, 

a signal beam corresponding to the input signal is made 
20 incident on the optical transmission line as an incident beam, 

inside the optical transmission line, the incident beam is 
transmitted, in a direction of a length that is orthogonal to the 
direction of the thickness, in multiple modes having a plurality 
of eigenmodes in a direction of a width that is orthogonal to both 
25 the direction of the length and the direction of the thickness, 
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and an exiting beam is generated by the plurality of eigenmodes 
interfering with each other in the direction of the length, and 
the exiting beam is made to exit from the optical transmission 
line, and the output signal corresponding to the exiting beam is 
5 outputted. 

In the first optical device according to the present 
invention, since the optical transmission line has the refractive 
index distribution in the direction of the thickness, even in the 
case of the structure that transmits a signal beam in multiple 

10 modes, the mode dispersion is suppressed in the direction of the 
thickness, so that the signal beam can be transmitted at high speed . 
Moreover, in the optical device according to the present invention, 
since the optical transmission line generates the exiting beam 
by the multi-mode interference, the loss at the time of incidence 

15 and exit is small and a highly accurate adjustment is unnecessary 
at the time of connection. 

Preferably, the optical transmission line has a size, in 
the direction of the length, expressed by a function of a difference 
between a propagation constant of a Oth-order mode excited in the 

20 direction of the width of the optical transmission line and a 
propagation constant of a primary mode. Preferably, the optical 
transmission line has a size, in the direction of the length, 
expressed by a function of a basic mode width in the direction 
of the width, an effective refractive index with respect to a 0-th 

2 5 order mode beam excited in the direction of the width and a wavelength 
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of a beam transmitted in the multi-mode optical transmission line . 

Preferably, the optical transmission line includes a 
refractive index distribution such that a central position in the 
direction of the thickness has the highest refractive index and 
5 the refractive index does not increase with distance from the 
central position. In particular, it is preferably that the 
refractive index distribution change substantially along a 
quadratic function . 

Preferably, further, the optical transmission line is made 

10 of polysilane. In particular, the optical transmission line is 
made of polysilane, and the refractive index distribution is 
provided by an oxygen concentration distribution when the 
polysilane is cured. 

Preferably, the input signal is an electric signal, and an 

15 incident portion is provided that converts the electric signal 
into the signal beam and makes the signal beam incident on the 
optical transmission line as the incident beam. As an example, 
the incident portion has a plurality of light emitting portions 
disposed in an array in the direction of the width of the optical 

20 transmission line. Moreover, preferably, the input signal is a 
signal beam, and an incident portion is provided that makes the 
signal beam incident on the optical transmission line as an incident 
beam. 

Preferably, the output signal is an electric signal, and 
25 an exit portion is provided that receives the signal beam as an 

15 



exiting beam having exited from the optical transmission line and 
converts the signal beam into the electric signal. As an example, 
the exit portion has a plurality of light receiving portions 
disposed in an array in the direction of the width of the optical 
5 transmission line. Moreover, preferably, the output signal is 
a signal beam, and an exit portion is provided that makes the signal 
beam exit from the optical transmission line as an exiting beam. 

Preferably, the optical device is a IXn optical splitting 
device that is capable of receiving at least one input signal and 
10 outputting the input signal as a number, N (N=l, 2,3,...), of output 
signals, and 

the optical transmission line includes: 

an incident surface for making the incident beam incident; 

and 

15 an exit surface for making the exiting beam exit, 

the size in the direction of the length is a value that is 
substantially an integral multiple of the following expression 
when the basic mode width in the direction of the width is W 0 , 
an effective refractive index with respect to a Oth-order mode 

20 beam excited in the direction of the width is n 0 and the wavelength 
of the beam transmitted in the multi-mode optical transmission 
line is \, and 

one incident beam ismade incident on a center in the direction 
of the width on the incident surface and a number, N, of exiting 
25 beams are generated symmetrically with respect to the center in 
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the direction of the width on the exit surface: 
N X 

Preferably, the optical device is anNXl optical combining 
device that is capable of receiving a number, N (N=l, 2, 3, . . . ) / 
5 of input signals and outputting the input signals as at least one 
output signal, and 

the optical transmission line includes: 

an incident surface for making the incident beam incident; , 

and 

10 an exit surface for making the exiting beam exit, 

the size in the direction of the length is a value that is 
substantially an integral multiple of the following expression 
when the basic mode width in the direction of the width is W 0 , 
an effective refractive index with respect to a Oth-order mode 

15 beam excited in the direction of the width is n 0 and the wavelength 
of the beam transmitted in the multi-mode optical transmission 
line is X, and 

a number, N, of incident beams all having the same wavelength 
X are made incident symmetrically with respect to a center in the 
20 direction of the width on the incident surface and one exiting 
beam is generated at the center in the direction of the width on 
the exit surface : 

N X 
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Preferably, the optical device is a straight sheet bus that 
is capable of receiving a number, N(N=l,2,3,...),of input signals 
and outputting the input signals as a number, N, of output signals 
corresponding one-to-one to the input signals, and 
5 the optical transmission line includes: 

an incident surface for making the incident beam incident; 

and 

an exit surface for making the exiting beam exit, 

the size in the direction of the length is a value that is 

10 substantially an integral multiple of the following expression 
when the basic mode width in the direction of the width is W 0 , 
an effective refractive index of a Oth-order mode beam excited 
in the direction of the width is n 0 and the wavelength of the beam 
transmitted in the multi-mode optical transmission line is X, and 

15 a number, N, of incident beams all having the same wavelength 

X are made incident on given positions in the direction of the 
width on the incident surface and a number, N, of exiting beams 
corresponding one-to-one to the number, N, of incident beams are 
generated in positions, on the exit surface, whose positions in 

20 the direction of the width are the same as incident positions of 
the incident beams: 

A 

Preferably, the optical device is a cross sheet bus that 
is capable of receiving a number, N (N=l, 2,3,...), of input signals 
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and outputting the input signals as a number, N, of output signals 
corresponding one-to-one to the input signals, and 
the optical transmission line includes: 

an incident surface for making the incident beam incident; 

5 and 

an exit surface for making the exiting beam exit, 
a size in the direction of the length is a value that is 
substantially an odd multiple of the following expression when 
the basic mode width in the direction of the width is Wo, an effective 

10 refractive index of a Oth-order mode beam excited in the direction 
of the width is no and the wavelength of the beam transmitted in 
the multi-mode optical transmission line is X, and 

a number, N, of incident beams all having the same wavelength 
X are made incident on given positions in the direction of the 

15 width on the incident surface and a number, N, of exiting beams 
corresponding one-to-one to the number, N, of incident beams are 
generated in positions, on the exit surface, whose positions in 
the direction of the width are symmetrical to incident positions 
of the incident beams with respect to the center in the direction 

20 of the width: 

4tt 0 ^o 2 
X 

Preferably, the optical device is a star coupler that 
receives a number, N (N=l, 2,3,...)/ of input signals and outputs 
the input signals as a number, N, of output signals corresponding 
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to the input signals, and 

the optical transmission line includes: 

an incident surface for making the incident beam incident; 

and 

an exit surface for making the exiting beam exit, 
a size in the direction of the length is substantially a 
value of the following expression when the basic mode width in 
the direction of the width is Wo, an effective refractive index 
of a Oth-order mode beam excited in the direction of the width 
is n 0 and the wavelength of the beam transmitted in the multi-mode 
optical transmission line is X r and 

a number, N, of incident beams all having the same wavelength 
X are made incident on predetermined positions in the direction 
of the width on the incident surface and a number, N, of exiting 
beams are generated for any one of the incident beams in positions, 
on the exit surface, whose positions in the direction of the width 
are symmetrical to incident positions of the incident beams with 
respect to the center in the direction of the width: 



p± — — — — (p is an integer that makes the value inside 
v N ) X 

the parentheses positive) 

Preferably, further, the optical device is a star coupler 
that receives a number, N E ven (N EV en=2 , 4 , 6, . . . ) , of input signals 
and outputs the input signals as a number, N EV en, of output signals 
corresponding to the input signals, and 



f 
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the optical transmission line makes a number, N EV en, of 
incident beams all having the same wavelength X incident on 
positions symmetrical with respect to the center in the direction 
of the width on the incident surface. 
5 Moreover, preferably, further, the optical device is a star 

coupler that receives a number, N 0 dd (N 0 dd=1 / 3 , 5 , . . . ) , of input 
signals and outputs the input signals as a number, N 0 dd, of output 
signals corresponding to the input signals, and 

the optical transmission line makes a number, N 0 4i4i/ of 

10 incident beams all having the same wavelength X incident on 
positions asymmetrical with respect to the center in the direction 
of the width on the incident surface. 

Preferably, the optical device is a two-way straight sheet 
bus that is capable of receiving a number, N (N=l , 2 , 3 , . . . ) , of 

15 input signals and outputting the input signals as a number, N, 
of output signals corresponding one-to-one to the first input 
signals, and is capable of receiving a number, M (M=l , 2 , 3 , . . . ) , 
of input signals and outputting the input signals as a number, 
M, of output signals corresponding one-to-one to the input signals, 

20 and 

the optical transmission line includes: 

a first surface formed at one end in the direction of the 
length; and 

a second surface formed at another end in the direction of 
25 the length, 



a size in the direction of the length is a value that is 
substantially an integral multiple of the following expression 
when the basic mode width in the direction of the width is W 0 , 
an effective refractive index of a Oth-order mode beam excited 
5 in the direction of the width is n 0 and the wavelength of the beam 
transmitted in the multi-mode optical transmission line is X, 
a number, N, of incident beams all having the same wavelength 
X are made incident on given positions in the direction of the 
width on the first surface and a number, N, of exiting beams 

10 corresponding one-to-one to the number, N, of incident beams are 
generated in positions, on the second surface, whose positions 
in the direction of the width are the same as incident positions 
of the incident beams, and 

a number, M, of incident beams all having the same wavelength 

15 X as the incident beams on the first surface are made incident 
on given positions in the direction of the width on the second 
surface and a number, M, of exiting beams corresponding one-to-one 
to the number, M, of incident beams are generated in positions, 
on the first surface, whose positions in the direction of the width 

20 are the same as incident positions of the incident beams: 

A 

Preferably, the optical device is a two-way cross sheet bus 
that is capable of receiving a number, N (N=l, 2,3,...), of first 
input signals and outputting the input signals as a number, N, 
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of first output signals corresponding one-to-one to the first input 
signals, and is capable of receiving a number, M (M=l, 2, 3, . . . ) , 
of second input signals andoutputting the input signals as a number, 
M, of output signals corresponding one-to-one to the second input 
5 signals, and 

the optical transmission line includes: 

a first surface formed at one end in the direction of the 
length; and 

a second surface formed at another end in the direction of 

10 the length, 

a size in the direction of the length is a value that is 
substantially an odd multiple of the following expression when 
the basic mode width in the direction of the width is W 0/ an effective 
refractive index of a Oth-order mode beam excited in the direction 

15 of the width is no and the wavelength of the beam transmitted in 
the multi-mode optical transmission line is X, 

a number, N, of incident beams all having the same wavelength 
X are made incident on given positions in the direction of the 
width on the first surface and a number, N, of exiting beams 

20 corresponding one-to-one to the number, N, of incident beams are 
generated in positions, on the second surface, whose positions 
in the direction of the width are symmetrical to incident positions 
of the incident beams with respect to the center in the direction 
of the width, and 

25 a number, M, of incident beams all having the same wavelength 
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X are made incident on given positions in the direction of the 
width on the second surface and a number, M, of exiting beams 
corresponding one-to-one to the number, M, of incident beams are 
generated in positions, on the first surface, whose positions in 
5 the direction of the width are symmetrical to incident positions 
of the incident beams with respect to the center in the direction 
of the width: 

X 

Preferably, the optical transmission line includes: a 
10 reflecting surface that is formed at one end in the direction of 
the length and bends an optical path of the incident beam incident 
in a direction parallel to the direction of the thickness, 
substantially 90 degrees in the direction of the length; and/or 
a reflecting surface that is formed at another end in the direction 
15 of the length and bends an optical path of the exiting beam 
transmitted in the direction of the length, substantially 90 
degrees so as to exit in a direction parallel to the direction 
of the thickness. 

Preferably, the optical transmission line includes: a prism 
20 that is formed at one end in the direction of the length and bends, 
in the direction of the length, an optical path of the incident 
beam incident in a direction inclined in the direction of the 
thickness; and/or a prism that is formed at another end in the 
direction of the length and bends an optical path of the exiting 



beam transmitted in the direction of the length, so as to exit 
in a direction inclined in the direction of the thickness. 

Preferably, the optical transmission line has a plurality 
of eigenmodes in the direction of the thickness. According to 
5 this structure, an optical device that uses the multi-mode 
interference also in the direction of the thickness can be provided. 
Preferably, the optical transmission line has a thickness of not 
less than 20 |im. 

Preferably, the optical transmission line is curved so that 
10 a central position in the direction of the thickness always draws 
the same curve on given two different cross sections including 
the direction of the length and the direction of the thickness. 
Preferably, the optical transmission line is twisted so that a 
central position in the direction of the thickness draws different 
15 curves on given two different cross sections including the 
direction of the length and the direction of the thickness. 

The above-mentioned first obj ect is achievedby the following 
optical integrated device: 

An optical integrated device that connects, by a signal beam, 
20 between an externally inputted input signal and an output signal 
to be outputted, is provided with 

a light transmitting portion comprising a plurality of 
optical transmission lines being sheet-form and including a 
refractive index distribution such that a highest refractive index 
25 part is provided in a direction of a thickness of the sheet and 
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a refractive index does not increase with distance from the highest 
refractive index part in the direction of the thickness, the optical 
transmission lines being laminated in the direction of the 
thickness, 

5 a signal beam corresponding to the input signal is made 

incident on the optical transmission lines as an incident beam, 
inside the optical transmission lines, the incident beam 
is transmitted, in a direction of a length that is orthogonal to 
the direction of the thickness, in multiple modes having a plurality 
10 of eigenmodes in a direction of a width that is orthogonal to both 
the direction of the length and the direction of the thickness, 
and an exiting beam is generated by the plurality of eigenmodes 
interfering with each other in the direction of the length, and 
the exiting beam is made to exit from the optical transmission 
15 lines, and the output signal corresponding to the exiting beam 
is outputted. 

In the optical integrated device according to the present 
invention, since the optical transmission lines have the refractive 
index distribution in the direction of the thickness, even in the 

20 case of the structure that transmits a signal beam in multiple 
modes, the mode dispersion is suppressed in the direction of the 
thickness, so that the signal beam can be transmitted at high speed. 
Moreover, in the optical integrated device according to the present 
invention, since the optical transmission lines generate the 

25 exiting beam by the multi-mode interference, the loss at the time 
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of incidence and exit is small and a highly accurate adjustment 
is unnecessary at the time of connection. 

The above-mentioned first ob j ect is achievedby the following 
first method of manufacturing an optical device: 
5 In a method of manufacturing an optical device that connects, 

by a signal beam, between an externally inputted input signal and 
an output signal to be outputted, 

the optical device is provided with 

an optical transmission line being sheet-form and including 
10 a refractive index distribution such that a highest refractive 
index part is provided in a direction of a thickness of the sheet 
and a refractive index does not increase with distance from the 
highest refractive index part in the direction of the thickness, 
a signal beam corresponding to the input signal is made 
15 incident on the optical transmission line as an incident beam, 
inside the optical transmission line, the incident beam is 
transmitted, in a direction of a length that is orthogonal to the 
direction of the thickness, in multiple modes having a plurality 
of eigenmodes in a direction of a width that is orthogonal to both 
20 the direction of the length and the direction of the thickness, 
and an exiting beam is generated by the plurality of eigenmodes 
interfering with each other in the direction of the length, 

the exiting beam is made to exit from the optical transmission 
line, and the output signal corresponding to the exiting beam is 
25 outputted, and 



the optical device manufacturing method is provided with: 

a first step of preparing a forming die that is made of a 
material capable of transmitting an energy to be applied to cure 
a resin of which the optical transmission line is made, and includes 
5 a concave portion having at least the same depth as the direction 
of the thickness of the optical transmission line; 

a second step of filling the concave portion with the resin; 

a third step of applying the energy in a predetermined 
quantity to the forming die filled with the resin, from above and 
10 below in the direction of the thickness; and 

a fourth step of, on the resin cured with a desired refractive 
index distribution being formed, determining at least a size in 
the direction of the length and forming a part of connection of 
the incident and exiting beams in order to form the resin into 
15 the optical transmission line. 

In the first optical device manufacturing method according 
to the present invention, since the above steps are provided, a 
sheet-form optical transmission line including a desired 
refractive index distribution can be easily manufactured with high 
20 precision. 

Preferably, in the third step, 

the application of the energy is an application of an 
ultraviolet ray of a predetermined wavelength, and 
in the first step, 
25 the prepared forming die is made of a material that is 
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transparent with respect to the ultraviolet ray of the 
predetermined wavelength . 

Preferably, in the third step, 

the application of the energy is heating. 
5 Preferably, the optical transmission line includes a 

refractive index distribution such that a central position in the 
direction of the thickness has the highest refractive index and 
the refractive index does not increase with distance from the 
central position. Preferably, further, the refractive index 
10 distribution changes substantially along a quadratic function. 

Preferably, further, the optical transmission line is made 
of polysilane . Moreover, preferably, further, an optical device 
manufacturing method according to claim 35, wherein the optical 
transmission line is made of polysilane, and the refractive index 
15 distribution is provided by an oxygen concentration distribution 
when the polysilane is cured. 

Preferably, 

in the first step, 

the forming die includes a concave portion having a size 
20 including a plurality of optical transmission lines to be 
manufactured, and 

in the fourth step, 

a plurality of optical transmission lines is simultaneously 
manufactured by cutting the resin. 
25 Preferably, 



in the first step, 

the forming die includes a concave portion having a size 
substantially equal to a size, in the direction of the width, of 
the optical transmission line to be manufactured, and 
5 in the fourth step, 

the size in the direction of the length is determined by 
cutting the resin. 

Preferably, 

in the first step, 
10 the forming die includes a concave portion having a size 

substantially equal to a size of the optical transmission line 
to be manufactured, and 

in the fourth step, 

a wall, of the concave portion, situated in a position where 
15 the incident beam and the exiting beam are made incident and made 
to exit on and from the optical transmission line is removed. 
Preferably, 

a fifth step of releasing the optical transmission line from 
the forming die either before or after the fourth step is further 
20 included. 

In the optical device manufacturing method of the present 
invention, since the forming die can be reused by including the 
fifth step, the cost at the time of manufacture can be reduced. 

The above-mentioned second object is achieved by the 
25 following second optical device: 
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An optical device that is capable of receiving a multiple 
signal beam where two different wavelengths are superimposed on 
each other, demultiplexing the multiple signal beam according to 
the wavelength, and outputting the multiple signal beam as two 
5 different signal beams, is provided with 

an optical transmission line being sheet-form and including 
a refractive index distribution such that a highest refractive 
index part is provided in a direction of a thickness of the sheet 
and a refractive index does not increase with distance from the 
10 highest refractive index part in the direction of the thickness, 

the multiple signal beam is made incident on the optical 
transmission line as an incident beam, 

inside the optical transmission line, the incident beam is 
transmitted, in a direction of a length that is orthogonal to the 
15 direction of the thickness, in multiple modes having a plurality 
of eigenmodes for each wavelength in a direction of a width that 
is orthogonal to both the direction of the length and the direction 
of the thickness, and two exiting beams are generated in different 
positions in the direction of the width according to the wavelength 
20 by the plurality of eigenmodes interfering with each other in the 
direction of the length with respect to signal beams of the same 
wavelength, and 

the two exiting beams are made to exit from the optical 
transmission line . 
25 In the second optical device according to the present 
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invention, since the optical transmission line has the refractive 
index distribution in the direction of the thickness, even in the 
case of the structure that transmits a signal beam in multiple 
modes, the mode dispersion is suppressed in the direction of the 
5 thickness, so that the signal beam can be transmitted at high speed. 
Moreover, in the optical device according to the present invention, 
since the optical transmission line generates the exiting beam 
by the multi-mode interference and demultiplexes it according to 
the wavelength, the loss at the time of incidence and exit is small 
10 and a highly accurate adjustment is unnecessary at the time of 
connection . 

Preferably, the two exiting beams are made to exit from 
positions in the direction of the width where a ratio in light 
quantity between the two exiting beams is highest. Preferably, 
15 the two exiting beams are made to exit from posit ions in the direction 
of the width where light quantities of the two exiting beams are 
lowest . 

Preferably, the optical transmission line has a size in the 
direction of the length expressed by a function of a difference 
20 between a propagation constant of a Oth-order mode excited in the 
direction of the width of the optical transmission line and a 
propagation constant of a primary mode. 

Preferably, the optical transmission line has a rectangular 
parallelepiped shape, and has a size in the direction of the length 
25 expressed by a function of a basic mode width in the direction 



of the width, the highest refractive index in the direction of 
the thickness and a wavelength of a beam transmitted in the 
multi-mode optical transmission line. 

Preferably, the optical transmission line includes a 
5 refractive index distribution such that a central position in the 
direction of the thickness has the highest refractive index and 
the refractive index does not increase with distance from the 
central position. In particular, it is preferable that the 
refractive index distribution change substantially along a 

10 quadratic function. 

The optical devices described in Documents (9) and (12) to 
(15) have a similar problem to those of Documents (4) to (8) and 
(11) , because the optical waveguide performing optical splitting 
transmits the signal beam in multiple modes only in the direction 

15 of the width. That is, even in the case of a single mode, when 
a multiplex signal beam largely diffused and having a large spread 
angle or a multiplex signal beam with a large beam diameter is 
used as the signal beam, since the coupling to the optical waveguide 
is difficult, the loss of the signal beam when the signal beam 

20 is incident and exits is large. Moreover, since loss is large 
with respect to the incident beam that is incident with its axis 
being shifted from the center of the optical waveguide, it is 
necessary to couple the incident multiplex signal beam and the 
exiting signal beam to the incident and exit sides with high 

25 accuracy. 
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Moreover, when the optical waveguides described in the 
optical devices described in Documents (9) and (12) to (15) are 
used with a multiplex signal beam that is multi-mode in the direction 
of the thickness being incident, the mode dispersion occurs in 
5 the direction of the thickness, so that the signal beam cannot 
be transmitted at high speed. Moreover, in this case, since a 
plurality of eigenmodes, excited in the direction of the thickness, 
of the multiplex signal beam that is incident with its axis being 
shifted in the direction of the thickness interferes in the 

10 direction of the length, the intensity distribution in the 
direction of the thickness is changed. When the intensity 
distribution in the direction of the thickness is changed, the 
multiplex signal beam cannot be demultiplexed or multiplexed. 

Accordingly, a second object of the present invention is 

15 to provide an optical device having a sheet-f ormmulti-mode optical 
transmission line where the coupling when a signal beam is made 
incident and made to exit is easy and loss is small, being capable 
of high-speed transmission of approximately 10 Gbs egual to the 
speed of the signal beam transmission in a single mode, and being 

2 0 capable of excellently demultiplexing and multiplexing a multiplex 
signal beam. 

The above-mentioned second object is achieved by the 
following third optical device: 

An optical device that is capable of receiving two signal 
25 beams having different wavelengths, multiplexing the signal beams 
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and outputting the signal beams as a multiple signal beam where 
two different wavelengths are superimposed on each other, is 
provided with 

an optical transmission line being sheet-form and including 
5 a refractive index distribution such that a highest refractive 
index part is provided in a direction of a thickness of the sheet 
and a refractive index does not increase with distance from the 
highest refractive index part in the direction of the thickness, 
the two signal beams are made incident on the optical 
10 transmission line as incident beams, 

inside the optical transmission line, the incident beam is 
transmitted, in a direction of a length that is orthogonal to the 
direction of the thickness, in multiple modes having a plurality 
of eigenmodes for each wavelength in a direction of a width that 
15 is orthogonal to both the direction of the length and the direction 
of the thickness, and the exiting beam which is a multiple signal 
beam is generated in the same position in the direction of the 
width according to the wavelength by the plurality of eigenmodes 
interfering with each other in the direction of the length with 
20 respect to signal beams of the same wavelength, and 

the exiting beam is made to exit from the optical transmission 

line . 

In the third optical device according to the present 
invention, since the optical transmission line has the refractive 
25 index distribution in the direction of the thickness, even in the 



case of the structure that transmits a signal beam in multiple 
modes, the mode dispersion is suppressed in the direction of the 
thickness, so that the signal beam can be transmitted at high speed. 
Moreover, in the optical device according to the present invention, 
5 since the optical transmission line generates the exiting beam 
by the multi-mode interference and multiplexes it according to 
the wavelength, the loss at the time of incidence and exit is small 
and a highly accurate adjustment is unnecessary at the time of 
connection . 

10 None of the optical transmission lines and the optical 

waveguides described in Documents (1) to (8) and (11) goes beyond 
making the exiting beam uniquely exit in correspondence with the 
incident beam. Therefore, a technical idea of performing 
switching to select the exit position of the exiting beam 

15 corresponding to the incident beamby use of an optical transmission 
line or an optical waveguide is not suggested. 

Accordingly, a third object of the present invention is to 
provide an optical device having a sheet-form multi-mode optical 
transmission line where the coupling when a signal beam is made 

20 incident and made to exit is easy and loss is small, being capable 
of high-speed transmission of approximately 10 Gbs equal to the 
speed of the signal beam transmission in a single mode, and being 
capable of switching of the signal beam to be transmitted. 

The above-mentioned third object is achievedby the following 

25 fourth optical device: 



An optical device that connects, by a signal beam, between 
an externally inputted input signal and an output signal to be 
outputted, is provided with: 

an optical transmission line being sheet-form, including 
5 a refractive index distribution such that a highest refractive 
index part is provided in a direction of a thickness of the sheet 
and a refractive index does not increase with distance from the 
highest refractive index part in the direction of the thickness, 
and comprising a first partial optical transmission line and a 
10 second partial optical transmission line adjoining in a direction 
of the width orthogonal to the thickness of the thickness; and 

refractive index modulating means capable of changing the 
refractive index distribution of at least one of the first and 
second partial optical transmission lines based on an externally 
15 supplied control signal, 

selection can be made between a first condition in which 
the incident beam is transmitted by use of only the first partial 
optical transmission line and a second condition in which the 
incident beam is transmitted by use of the first and second partial 
20 optical transmission lines, based on an operation of the refractive 
index modulating means, 

a signal beam corresponding to the input signal is made 
incident on the first optical transmission line as the incident 
beam, 

25 in the first condition, 



inside the first optical transmission line, the incident 
beam is transmitted, in a direction of a length that is orthogonal 
to the direction of the thickness and the direction of the width, 
in multiple modes having a plurality of eigenmodes in the direction 
5 of the width, the exiting beam is generated by the plurality of 
eigenmodes interfering with each other in the direction of the 
length, and 

the exiting beam is made to exit from the first optical 
transmission line and the output signal corresponding to the 
10 exiting beam is outputted, and 
in the second condition, 

inside the first and second optical transmission lines, the 
incident beam is transmitted, in the direction of the thickness, 
in multiple modes having a plurality of eigenmodes in the direction 
15 of the width, the exiting beam is generated by the plurality of 
eigenmodes interfering with each other in the direction of the 
length, and 

the exiting beam is made to exit from the second optical 
transmission line and the output signal corresponding to the 
20 exiting beam is outputted. 

In the fourth optical device according to the present 
invention, since the optical transmission line has the refractive 
index distribution in the direction of the thickness, even in the 
case of the structure that transmits a signal beam in multiple 
25 modes, the mode dispersion is suppressed in the direction of the 
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thickness, so that the signal beam can be transmitted at high speed. 
Moreover, in the optical device according to the present invention, 
since the optical transmission line generates the exiting beam 
by the multi-mode interference and switches it, the loss at the 
5 time of incidence and exit is small and a highly accurate adjustment 
is unnecessary at the time of connection. 

Preferably, the refractive index modulating means 

is capable of changing the refractive index distribution 
of the first multi-mode partial optical transmission line, 
10 in the second condition, makes the refractive index 

distributions of the first and second multi-mode partial optical 
transmission lines the same as each other, and 

in the first condition, makes a highest refractive index 
of the first multi-mode partial optical transmission line higher 
15 than a highest refractive index, of the second multi-mode partial 
optical transmission line. 

Preferably, an optical device according to claim 49, wherein 
the refractive index modulating means 

is capable of changing the refractive index distribution 
20 of the second multi-mode partial optical transmission line, 

in the second condition, makes the refractive index 
distributions of the first and second multi-mode partial optical 
transmission lines the same as each other, and 

in the first condition, makes a highest refractive index 
25 of the second multi-mode partial optical transmission line lower 



than a highest refractive index of the first multi-mode optical 

transmission line . 

Preferably, the refractive index modulating means 

is capable of changing the refractive index distributions 

of the first and second multi-mode partial optical transmission 

lines, 

in the second condition, makes the refractive index 
distributions of the first and second multi-mode partial optical 
transmission lines the same as each other, and 

in the first condition, makes a highest refractive index 
of the first multi-mode partial optical transmission line higher 
than a highest refractive index of the second multi-mode partial 
optical transmission line in the second condition, and makes the 
highest refractive index of the second multi-mode partial optical 
transmission line lower than the highest refractive index of the 
first multi-mode partial optical transmission line in the second 
condition . 

Preferably, of the first and second multi-mode optical 
transmission lines, the optical transmission line whose refractive 
index distribution is changeable by the refractive index modulating 
means is made of a polymer exhibiting a thermooptic effect, and 

the refractive index modulating means includes a thermal 
sheet capable of generating/absorbing heat according to the control 
signal, and 

changes the refractive index distribution by changing a 
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temperature of the optical transmission line by the thermal sheet . 
Preferably, in the optical transmission line, 
a size in the direction of the length is a value that is 
substantially an odd multiple of the following expression when 
the basic mode width, in the direction of the width, of the 
transmission line is W 0 , an effective refractive index of a 
Oth-order mode beam excited in the direction of the width is n 0 
and the wavelength of the beam transmitted in the first and second 
optical transmission lines is X: 

4n 0 W Q 2 
X 

Preferably, the optical transmission line 
has a size, in the direction of the width, that is (1/ 
J~2) times with respect to the direction of the width to which 
the optical transmission line is added. According to this 
structure, the exiting beam can be generated by the multi-mode 
interference also in the second condition. 

Preferably, the optical transmission line includes a 
refractive index distribution such that a central position in the 
direction of the thickness has the highest refractive index and 
the refractive index does not increase with distance from the 
central position. In particular, it is preferable that the 
refractive index distributions change substantially along a 
quadratic function. 

In the optical waveguides described in Documents (4) to (8) 



and (11) , the optical waveguide is single-mode both on the input 
side and on the exit side (the core diameter is 10 jim at most) . 
Therefore, when eigenmodes that are different in the direction 
of the width are caused to interfere with each other (multi-mode 
5 interference: hereinafter, sometimes referred to as MMI ) and the 
exiting beam is generated based on the self-imaging principle, 
it is necessary for the separation between the exiting beams at 
the output end only to be approximately 10 urn corresponding to 
the core diameter of the optical waveguide on the output side in 

10 the case where one beam is split into two beams. However, when 
the optical waveguides on the input side and on the output side 
are both multi-mode optical waveguides, the core diameter 
calculated in a similar manner is as large as approximately 20 ^m 
to 1, 000 |im. For this reason, it is necessary that the separation 

15 between the exiting beams at the output end of the optical waveguide 
be at least not less than the core diameter. 

The separation between the exiting beams based on the 
self-imaging principle of the multi-mode interference is 
substantially proportional to the width of the optical waveguide. 

20 Moreover, the size, in the direction of the length, of the optical 
waveguide in this case is substantially proportional to the square 
of the size in the direction of the width. For this reason, when 
the optical waveguides on the input side and on the output side 
are both multi-mode optical waveguides, the configuration of the 

25 optical waveguides is as large as 2 to 100 times in the direction 
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of the width and 4 to 10, 000 times in the direction of the length 
compared to the case of single-mode optical waveguides. For 
example, when 200-jum multi-mode optical fibers are used as the 
input and output waveguides, the size in the direction of the width 
5 is 20 times and the size in the direction of the length is 
approximately 200 times (specifically, the width: approximately 
400 urn, the length: approximately 120, 000 }im) compared to the case 
where single-mode optical fibers are used; such optical waveguides 
are large and inferior in the balance (ratio) between the width 

10 and length, and are therefore difficult to handle. 

Further, the profile of the exiting beam generated based 
on the self-imaging principle of the multi-mode interference is 
substantially the same as the profile of the incident beam. For 
this reason, when two or more beams are combined into one beam 

15 or one beam is split into two or more beams, that is, when a larger 
number of incident and exiting beams having a large mode field 
are inputted and outputted at the incident and exit ends, it is 
necessary that the size, in the direction of the width, of the 
optical waveguide be increased. As has already been mentioned, 

20 the size, in the direction of the length, of the optical waveguide 
that generates the exiting beam based on the self -imaging principle 
of the multi-mode interference is substantially proportional to 
the square of the size in the direction of the width. Therefore, 
whenthesize, in the direction of the width, of the optical waveguide 

25 is increased, it is necessary that the size in the direction of 
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the length be larger than that in the case where one beam is split 
into two beams. 

Accordingly, a fourth object of the present invention is 
to provide an optical device having a sheet-f ormmulti-mode optical 
5 transmission line where the coupling when a signal beam is made 
incident and made to exit is easy and loss is small, being capable 
of high-speed transmission of approximately 10 Gbs equal to the 
speed of the signal beam transmission in a single mode, and in 
which the sizes, in the direction of the width and in the direction 
10 of the length, of the sheet-form multi-mode optical transmission 
line are small. Moreover, the fourth object of the present 
invention is to provide a method of manufacturing the 
above-described optical device. 

The above-mentioned fourth object is achieved by the 
15 following fifth optical device: 

In an optical device for changing a distance between a number, 
N (N=2, 3, 4, . . . ) , of signal beams disposed on a straight line, 

a number, N, of optical transmission lines are disposed on 
the straight line, the optical transmission lines being sheet-form 
20 and including a refractive index distribution such that a highest 
refractive index part is provided in a direction of a thickness 
of the sheet and a refractive index does not increase with distance 
from the highest refractive index part in the direction of the 
thickness, 

25 the signal beams are made incident on the optical 
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transmission lines as incident beams, 

inside the optical transmission lines, the incident beam 
is transmitted, in a direction of a length that is orthogonal to 
the direction of the thickness, in multiple modes having a plurality 
5 of eigenmodes in a direction of a width that is orthogonal to both 
the direction of the length and the direction of the thickness, 
and exiting beams are generated in positions different from 
positions where the incident beams are incident on the optical 
transmission lines in the direction of the width by the plurality 
10 of eigenmodes interfering with each other in the direction of the 
length, and 

the exiting beams are made to exit from the optical 
transmission lines as the signal beams. 

In the fifth optical device according to the present 
15 invention, since the above structure is provided, the distance 
between a plurality of signal beams can be easily changed. 
Consequently, even when a multi-mode optical fiber or the like 
is used as the incident and exit portion, connection can be made 
without any increase in the size of the optical transmission line. 
20 Preferably, the optical transmission lines include: 

an incident surface for making the incident beams incident; 

and 

an exit surface for making the exiting beams exit, and 
the incident beams are made incident on given positions in 
25 the direction of the width on the incident surface and the exiting 



beams are generated in positions, on the exit surface, whose 
positions in the direction of the width are symmetrical to the 
incident positions of the incident beams with respect to a center 
in the direction of the width. 
5 Preferably, the optical device increases the distance 

between the signal beams. Preferably, a sheet-form incident side 
optical transmission line is provided, and the optical transmission 
line is a 1XN optical splitting device that splits one incident 
beam into a number, N, of beams and connects the number, N, of 

10 exiting beams into which the incident beam is split, to the optical 
transmission lines as the signal beams. 

The above-mentioned fourth object is achieved by the 
following sixth optical device: 

An optical device for changing a position of a signal beam 

15 is provided with 

a plurality of optical transmission lines being sheet-form 
and including a refractive index distribution such that a highest 
refractive index part is provided in a direction of a thickness 
of the sheet and a refractive index does not increase with distance 

20 from the highest refractive index part in the direction of the 
thickness, 

the plurality of optical transmission lines are connected 
in multiple stages so that an exiting beam having exited from one 
of the optical transmission lines becomes an incident beam to be 
25 made incident on another one of the optical transmission lines, 
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the signal beam is made incident on the optical transmission 
line as the incident beam, 

inside the optical transmission lines, the incident beam 
is transmitted, in a direction of a length that is orthogonal to 
5 the direction of the thickness, in multiple modes having a plurality 
of eigenmodes in a direction of a width that is orthogonal to both 
the direction of the length and the direction of the thickness, 
and the exiting beam is generated in a position different from 
a position where the incident beam is incident on the optical 
10 transmission lines in the direction of the width by the plurality 
of eigenmodes interfering with each other in the direction of the 
length, and 

the exiting beam is made to exit from the optical transmission 
lines as the signal beam. 
15 in the sixth optical device according to the present 

invention, since the above structure is provided, the signal beam 
can be easily shifted in the direction of the width. Consequently, 
even when a multi-mode optical fiber or the like is used as the 
incident and exit portion, connection can be made without any 
20 increase in the size of the optical transmission line. 

Preferably, the signal beam is a number, N (N=2, 3,4,...), 
of signal beams disposed on a straight line, 

a number, N, of optical transmission lines are disposed on 
the straight line to change a distance between the number, N, of 
25 signal beams, the optical transmission lines being sheet-form and 



including a refractive index distribution such that a highest 
refractive index part is provided in a direction of a thickness 
of the sheet and a refractive index does not increase with distance 
from the highest refractive index part in the direction of the 
5 thickness, 

the signal beams are made incident on the optical 

transmission lines as the incident beams, 

inside the optical transmission lines, the incident beams 

are transmitted, in the direction of the length that is orthogonal 
10 to the direction of the thickness, in multiple modes having a 

plurality of eigenmodes in the direction of the width that is 

orthogonal to both the direction of the length and the direction 

of the thickness, and exiting beams are generated in positions 

different from positions where the incident beams are incident 
15 on the optical transmission lines in the direction of the width 

by the plurality of eigenmodes interfering with each other in the 

direction of the length, and 

the exiting beams are made to exit from the optical 

transmission lines as the signal beam. 
20 The above-mentioned fourth object is achieved by the 

following seventh optical device: 

An optical device that connects, by a signal beam, between 

an externally inputted input signal and an output signal to be 

outputted, is provided with: 
25 a sheet-form optical transmission line being sheet-form and 



including a refractive index distribution such that a highest 
refractive index part is provided in a direction of a thickness 
of the sheet and a refractive index does not increase with distance 
from the highest refractive index part in the direction of the 
5 thickness; 

an incident side optical transmission line that transmits 
the incident beam corresponding to the input signal so as to be 
incident on the sheet-form optical transmission line; 

an incident side beam converter that connects the incident 
10 side optical transmission line and the sheet-form optical 
transmission line and converts a mode field of the incident side 
optical transmission line so that it can be incident on the 
sheet-form optical transmission line; 

an exit side optical transmission line that transmits the 
15 exiting beam from the sheet-form optical transmission line so as 
to exit as the output signal; and 

an exit side beam converter that connects the exit side 
optical transmission line and the sheet-form optical transmission 
line and converts a mode field of the sheet-form optical 
20 transmission line so that it can be incident on the exit side optical 
transmission line, 

the signal beam exiting from the incident side beam converter 
is made incident on the sheet-form optical transmission line as 
the incident beam, 
25 inside the sheet-form optical transmission line, the 
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incident beam is transmitted, in a direction of a length that is 
orthogonal to the direction of the thickness, in multiple modes 
having a plurality of eigenmodes in a direction of a width that 
is orthogonal to both the direction of the length and the direction 
5 of the thickness, and the exiting beam is generated by the plurality 
of eigenmodes interfering with each other in the direction of the 
length, and 

the exiting beam is made to exit from the sheet-form optical 
transmission line andmade incident on the exit side beam converter . 
10 In the seventh optical device according to the present 

invention, since the above structure is provided, the distance 
between a plurality of signal beams can be easily changed. 
Consequently, even when a multi-mode optical fiber or the like 
of a different mode field is used as the incident and exit portion, 
15 connection can be made without any increase in the size of the 
optical transmission line. 

Preferably, the incident side beam converter 
is a lens element having a refractive index distribution 
such that a highest refractive index is provided at a center and 
20 a refractive index decreases with distance from the center, and 
is disposed in the same numbers as the signal beams that 
are made incident on the sheet-form optical transmission line. 
Preferably, the incident side beam converter 
includes the refractive index distribution such that a change 
25 in refractive index between the center and a periphery gradually 
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increases from a side of the incident side optical transmission 
line toward a side of the sheet-form optical transmission line. 
Preferably, the incident side beam converter 
is a waveguide having a refractive index distribution such 
5 that the highest refractive index is provided in a central portion, 
in a direction parallel to the direction of the thickness, of the 
sheet-form optical transmission line and the refractive index 
decreases with distance from the central portion, and 

is disposed in the same numbers as the signal beams that 
10 are made incident on the sheet-form optical transmission line. 

Preferably, the waveguide has a configuration such that a 
size in the direction of the width decreases toward a part of 
connection with the sheet-form optical transmission line. 
Preferably, further, the incident side beam converter is formed 
15 integrally with the sheet-form optical transmission line. 
Preferably, the incident side beam converter 
is an optical transmission line having a refractive index 
distribution such that a highest refractive index is provided in 
a central portion, in a direction parallel to the direction of 
20 the thickness and a direction parallel to the direction of the 
width, of the sheet-form optical transmission line and the 
refractive index decreases with distance from the central portion, 
and 

the number of incident side beam converters disposed for 
25 the sheet-form optical transmission line is one. 
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Preferably, the exit side beam converter 

is a lens element having a refractive index distribution 
such that a highest refractive index is provided at a center and 
a refractive index decreases with distance from the center, and 
5 is disposed in the same numbers as the signal beams exiting 

from the sheet-form optical transmission line. 

Preferably, the exit side optical transmission line 

is an optical fiber having a refractive index distribution 
such that a highest refractive index is provided at a center and 
10 a refractive index decreases with distance from the center, and 

the exit side beam converter 

includes the refractive index distribution such that a change 
in refractive index between the center and a periphery gradually 
increases from a side of the exit side optical transmission line 
15 toward a side of the sheet-form optical transmission line. 

Preferably, the exit side beam converter 

is a waveguide having a refractive index distribution such 
that the highest refractive index is provided in a central portion, 
in a direction parallel to the direction of the thickness, of the 
20 sheet-form optical transmission line and the refractive index 
decreases with distance from the central portion, and 

is disposed in the same numbers as the signal beams exiting 
from the sheet-form optical transmission line. 

Preferably, further, the waveguide has a configuration such 
25 that a size in the direction of the width decreases toward a part 



of connection with the sheet-form optical transmission line. 
Preferably, further, the exit side beam converter is formed 
integrally with the sheet-form optical transmission line. 
Preferably, the exit side beam converter 
5 is an optical transmission line having a refractive index 

distribution such that a highest refractive index is provided in 
a central portion, in a direction parallel to the direction of 
the thickness and a direction parallel to the direction of the 
width, of the sheet-form optical transmission line and the 
10 refractive index decreases with distance from the central portion, 
and 

the number of exit side beam converters disposed for the 
sheet-form optical transmission line is one. 

The above-mentioned object is achieved by the following 
15 second optical device manufacturing method: 

In a method of manufacturing an optical device that connects, 
by a signal beam, between an externally inputted input signal and 
an output signal to be outputted, 

the optical device is provided with: 
20 a sheet-form optical transmission line being sheet-form and 

including a refractive index distribution such that a highest 
refractive index part is provided in a direction of a thickness 
of the sheet and a refractive index does not increase with distance 
from the highest refractive index part in the direction of the 
25 thickness; 



an incident side optical transmission line that transmits 
the incident beam corresponding to the input signal so as to be 
incident on the sheet-form optical transmission line; 

an incident side beam converter that connects the incident 
5 side optical transmission line and the sheet-form optical 
transmission line and converts a mode field of the incident side 
optical transmission line so that it can be incident on the 
sheet-form optical transmission line; 

an exit side optical transmission line that transmits the 
10 exiting beam from the sheet-form optical transmission line so as 
to exit as the output signal; and 

an exit side beam converter that connects the exit side 
optical transmission line and the sheet-form optical transmission 
line and converts a mode field of the sheet-form optical 
15 transmission line so that it can be incident on the exit side optical 
transmission line, 

the optical device manufacturing method comprising: a first 
step of preparing a forming die that has a concave portion 
corresponding to the sheet-form optical transmission line and at 
20 least one of the incident side beam converter and the exit side 
beam converter and is made of a material capable of transmitting 
an energy to be applied to cure a resin of which the sheet-form 
optical transmission line is made; 

a second step of filling the concave portion with the resin; 
25 a third step of applying the energy in a predetermined 
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quantity to the forming die filled with the resin, from above and 
below in the direction of the thickness to form a desired refractive 
index distribution by curing the resin; and 

a fourth step of, when the incident side beam converter and 
5 the exit side beam converter not formed in the concave portion 
are present, connecting the converters to the cured resin, and 
further, connecting the incident side optical transmission line 
and the exit side optical transmission line. 

In the second optical device manufacturing method according 
10 to the present invention, since the above steps are provided, an 
optical device provided with a sheet-form optical transmission 
line and an incident side optical transmission line including a 
desired refractive index distribution and an exit side optical 
transmission line can be easily manufactured with high precision. 
15 Preferably, the application of the energy is an application 

of an ultraviolet ray of a predetermined wavelength, and 

the forming die is made of a material that is transparent 
with respect to the ultraviolet ray of the predetermined 
wavelength . 

20 Moreover, preferably, the application of the energy is 

heating. 

Preferably, a fifth step of releasing the cured resin from 
the forming die prior to the fourth step is provided. 
Preferably, in the fourth step, 
25 when the incident side beam converter and the exit side beam 



converter not formed in the forming die are present, the converters 
are connected to the cured resin, and further, when the incident 
side optical transmission line and the exit side optical 
transmission line are connected together , the optical transmission 
5 lines are disposed on a substrate where a positioning portion for 
positioning the optical transmission lines is formed. 
Preferably, in the first step, 

the forming die includes a positioning portion for 
positioning at least one of the incident side optical transmission 
10 line and the exit side optical transmission line, and 
in the fourth step, 

the optical transmission lines are disposed on the forming 
die where the positioning portion is formed. 

Preferably, the incident side optical transmission line is 
15 an optical fiber. Moreover, preferably, the exit side optical 
transmission line is an optical fiber. 

According to the first optical device according to the 
present invention, an optical device can be provided that has a 
sheet-f ormmulti-mode optical transmission line where the coupling 
20 is easy and loss is small when a signal beam is made incident and 
made to exit and is capable - of high-speed transmission of 
approximately 10 Gbs equal to the speed of the signal beam 
transmission in a single mode. Moreover, according to the first 
optical device manufacturing method according to the present 
25 invention, the above-described optical device can be manufactured . 



Moreover, according to the first optical integrated device 
according to the present invention, an optical integrated device 
having the above-described optical device in a plurality of numbers 
can be provided. Moreover, according to the first optical 
5 integrated device manufacturing method according to the present 
invention, the above-described optical integrated device can be 
manufactured . 

According to the second and third optical devices according 
to the present invention, an optical device can be provided that 

10 has a sheet-form multi-mode optical transmission line where the 
coupling is easy and loss is small when a signal beam is made incident 
and made to exit, is capable of high-speed transmission of 
approximately 10 Gbs equal to the speed of the signal beam 
transmission in a single mode and is capable of excellently 

15 performing demultiplexing and multiplexing of a multiple signal 
beam. 

According to the fourth optical device according to the 
present invention, an optical device can be provided that has a 
sheet-f ormmulti-mode optical transmission line where the coupling 

20 is easy and loss is small when a signal beam is made incident and 
made to exit, is capable of high-speed transmission of 
approximately 10 Gbs equal to the speed of the signal beam 
transmission in a single mode, and is capable of switching of the 
transmitted signal beam. 

25 According to the fifth and sixth optical devices according 
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to the present invention, an optical device can be provided that 
has a sheet-form multi-mode optical transmission line where the 
coupling is easy and loss is small when a signal beam is made incident 
and made to exit and is capable of high-speed transmission of 
5 approximately 10 Gbs equal to the speed of the signal beam 
transmission in a single mode and in which the sizes, in the direction 
of the width and in the direction of the length, of the sheet-form 
multi-mode optical transmission line are small. 

When the incident and exit direction of the signal beam and 

10 the beam transmission direction of the sheet-form optical 
transmission line coincide with each other like the technology 
described in Document (1) , the incident and exit portions and the 
sheet-form optical transmission line can be coupled together 
without any loss . That is, since it is easy to adjust the intensity 

15 peak of the signal beam incident on the sheet-form optical 
transmission line and the refractive index distribution of the 
sheet-form optical transmission line, the loss of the signal beam 
when the signal beam is incident can be made small. 

However, in optical devices, it is necessary to dispose an 

20 optical part such as a laser on the incident side and dispose an 
optical part such as a sensor on the exit side. For this reason, 
when these optical parts and the sheet-form optical transmission 
line are coupled together, it is necessary to adjust the height 
between the optical parts and the sheet-form optical transmission 

25 line, so that it is necessary to perform padding when the optical 
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parts are mounted. Consequently, the optical device cannot be 
made compact . 

On the other hand, Document (16) is a technology regarding 
a single-mode sheet-form optical transmission line provided with 
no refractive index distribution. Therefore, in the optical 
waveguide described in Document (2) , the mode dispersion occurs, 
so that a gigabit-class high-frequency signal beam cannot be 
transmitted in multiple modes. 

Moreover, in recent years, an optical device that generates 
a signal beamby use of the multi-mode interference has been proposed . 
By using the multi-mode interference, an optical splitter that 
splits the incident signal beam into a plurality of signal beams 
and an optical combiner that combines a plurality of incident signal 
beams into a single signal beam can be easily obtained. However, 
there is no description as to the multi-mode interference in either 
of Document (1) and Document (16) . 

Accordingly, a fifth object of the present invention is to 
provide an optical device where optical parts can be easily mounted 
and that is capable of transmitting a gigabit-class high-frequency 
signal beam in multiple modes. 

Moreover, a sixth object of the present invention is to 
provide an optical device where optical parts cab be easily mounted 
and that is capable of transmitting a gigabit-class high-frequency 
signal beam in multiple modes and is capable of making a signal 
beam exit by use of the multi-mode interference. 
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The above-mentioned fifth object is achieved by an eighth 
optical device having the following structure: 

An optical device that transmits an externally incident 
signal beam and makes the transmitted signal beam to exit to an 
5 outside, is provided with 

an optical transmission line including a refractive index 
distribution in a first direction and being capable of transmitting 
the signal beam with a plurality of optical paths in a second 
direction orthogonal to the first direction, 
10 at least one of an optical axis of the signal beam incident 

on the optical transmission line and an optical axis of the signal 
beam exiting from the optical transmission line is not parallel 
to the second direction, and 

a phase difference, at the time of incidence on the optical 
15 transmission line, between the two optical paths, of the plurality 
of optical paths, incident on the optical transmission line 
symmetrically to each other with respect to the optical axis of 
the signal beam and a phase difference, at the time of exit from 
the optical transmission line, between the two optical paths are 
20 the same. 

According to the above structure, since the eighth optical 
device according to the present invention is provided with the 
optical transmission line including the refractive index 
distribution in the first direction and being capable of 
25 transmitting the signal beam with a plurality of optical paths 
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in the second direction orthogonal to the first direction, the 
mode dispersion is suppressed, so that gigabit-class 
high-frequency signal beams can be transmitted in multiple modes . 

Moreover, since at least one of the optical axis of the signal 
beam incident on the optical transmission line and the optical 
axis of the signal beam exiting from the optical transmission line 
is not parallel to the second direction, it is unnecessary to perform 
padding when the optical parts are mounted. Consequently, the 
overall structure of the optical device can be made compact. 

Further, since the phase difference, at the time of incidence 
on the optical transmission line, between the two optical paths, 
of the plurality of optical paths of the signal beam, incident 
on the optical transmission line symmetrically to each other with 
respect to the optical axis of the signal beam and the phase 
difference, at the time of exit from the optical transmission line, 
between the two optical paths are the same, the intensity 
distribution of the signal beam at the time of incidence can be 
made to exit as the signal beam as it is. That is, since no phase 
difference is caused by the optical transmission line, the signal 
beam can be made to exit from the optical transmission line with 
the intensity distribution of the incident beam being maintained, 
so that the signal beam can be made to exit from the optical 
transmission line without any loss. 

Preferably, the optical device is provided with the following 
structure : 
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An incident portion for making the signal beam incident on 
the optical transmission line, and 

an exit portion for making the signal beam to exit from the 
optical transmission line are provided, and 

at least one of the incident portion and the exit portion 
is coupled to the optical transmission line so that the optical 
axis of the signal beam transmitted inside is in a direction not 
parallel to the second direction. 

According to this structure, it is unnecessary to provide 
the incident portion or the exit portion at the end surface in 
.the transmission direction of the optical transmission line. 
Consequently, it is unnecessary to perform padding when the optical 

parts are mounted. 

Preferably, at least one of the incident portion and the 
exit portion is coupled to the optical transmission line so that 
the optical axis of the signal beam transmitted inside is orthogonal 
to the second direction. 

According to this structure, the outside and the optical 
transmission line can be easily coupled together. For example, 
when optical parts such as a light emitting element that emits 
the signal beam that is incident on the optical transmission line 
and a light receiving element that receives the signal beam having 
exited from the optical transmission line are coupled to the optical 
transmission line, the optical parts can be easily mounted. 

Preferably, an optical path length difference between the 
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above-mentioned two optical axes is equal to an integral multiple 
of a wavelength of the transmitted signal beam (hereinafter, 
referred to as structure A) . By providing the structure A, the 
phase difference between the two optical paths can be made zero. 
5 In the structure A, preferably, the two optical axes include 

a number, m (m=l , 2 , 3, . . . ) , of optical path length difference 
generating portions where the optical path length difference is 
caused, and a sum of the optical path length differences caused 
in the number, m, of optical path length difference generating 
10 portions is equal to a natural multiple of the wavelength of the 
signal beam (hereinafter, referred to as structure 1) . According 
to this structure, the phase difference between the two optical 
paths can be made zero. 

In the structure 1, preferably, the optical transmission 

15 line 

is a sheet-form optical transmission line capable of trapping 
the signal beam in the first direction, and includes a refractive 
index distribution such that a refractive index in a central portion 
where a thickness in the first direction is half is the highest 
20 and the refractive index does not increase with distance from the 
central portion in the first direction. According to this 
structure, the signal beam is transmitted while the mode dispersion 
is suppressed by the refractive index distribution. 

In the structure 1, preferably, further, the above-described 
25 sheet-form optical transmission line includes: a first reflecting 
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surface for bending an optical axis of a signal beam incident from 
a direction not parallel to the second direction, in the second 
direction; and a second reflecting surface for bending an optical 
axis of a signal beam transmitted in the second direction, in the 
5 direction not parallel to the second direction, and the optical 
path length difference generating portion is a portion where 
refractive index histories of the two optical paths reflected by 
the first and second reflecting surfaces are different from each 
other . 

10 According to this structure, the signal beam incident on 

the optical transmission line from a direction not parallel to 
the first direction can be easily made incident on the optical 
transmission line. Moreover, the signal beam exiting from the 
optical transmission line in a direction not parallel to the first 

15 direction can be easily made to exit from the optical transmission 
line . 

In the structure 1, preferably, further, in the 
above-described sheet-form optical transmission line, a physical 
optical path length from a position where all of the signal beam 

20 is bent in the second direction by the first reflecting surface 
to a position immediately before all of the signal beam is incident 
on the second reflecting surface is equal to j ( j=0, 1, 2, 3, . . . ) 
times a period of meandering of an optical path transmitted while 
meandering based on the refractive index distribution . According 

25 to this structure, the intensity distribution of the signal beam 



is the same between on the incident side and on the exit side. 

In the structure A, preferably, the two optical paths include 
a number, n (n=2, 3, 4 , . . . ) of optical path length difference 
generating portions where an optical path length difference is 
caused, and 

a sum of the optical path length differences caused in the 
number, n, of optical path length difference generating portions 
is zero (hereinafter, referred to structure 2) . According to this 
structure, the phase difference between the two optical paths can 
be made zero. 

In the structure 2, preferably, the optical transmission 
line is a sheet-form optical transmission line capable of trapping 
the signal beam in the first direction, and includes a refractive 
index distribution such that a refractive index in a central portion 
where a thickness in the first direction is half is the highest 
and the refractive index does not increase with distance from the 
central portion in the first direction. According to this 
structure, the signal beam is transmitted while the mode dispersion 
is suppressed by the refractive index distribution. 

In the structure 2, preferably, further, the above-described 
sheet-form optical transmission line includes: a first reflecting 
surface for bending an optical axis of a signal beam incident from 
a direction not parallel to the second direction, in the second 
direction; and a second reflecting surface for bending an optical 
axis of a signal beam transmitted in the second direction, in the 
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direction not parallel to the second direction, and the optical 
path length difference generating portions are portions where 
refractive index histories of the two optical paths reflected by 
the first and second reflecting surfaces are different from each 
5 other. 

According to this structure, the signal beam incident on 
the optical transmission line from a direction not parallel to 
the second direction can be easily made incident on the optical 
transmission line. Moreover, the signal beam exiting from the 
10 optical transmission line in a direction not parallel to the second 
direction can be easily made to exit from the optical transmission 
line . 

In the structure 2, preferably, further, in the 
above-described sheet-form optical transmission line, a physical 

15 optical path length from a position where all of the signal beam 
is bent in the second direction by the first reflecting surface 
to a position immediately before all of the signal beam is incident 
on the second reflecting surface is equal to (j+0.5) 
( j=0, 1, 2, 3, . . . ) times a period of meandering of an optical path 

20 transmitted while meandering based on the refractive index 
distribution. According to this structure, the intensity 
distribution of the signal beam is the same between on the incident 
side and on the exit side. 

Preferably, an optical path length difference between the 

25 two optical paths is zero (hereinafter, referred to as structure 
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B) . By providing the structure B, the phase difference between 
the two optical paths can be made zero. 

In the structure B, preferably, the two optical paths include 
a number, n (n=2 , 3, 4 , . . . ) of optical path length difference 
5 generating portions where an optical path length difference is 
caused, and a sum of the optical path length differences caused 
in the number, n, of optical path length difference generating 
portions is zero (hereinafter, referred to as structure 2). 
According to this structure, the phase difference between the two 

10 optical paths can be made zero. 

In the structure 2, preferably, the optical transmission 
line is a sheet-form optical transmission line capable of trapping 
the signal beam in the first direction, and includes a refractive 
index distribution such that a refractive index in a central portion 

15 where a thickness in the first direction is half is the highest 
and the refractive index does not increase with distance from the 
central portion in the first direction. According to this 
structure, the signal beam is transmitted while the mode dispersion 
is suppressed by the refractive index distribution. 

20 In the structure 2 , preferably, further, the above-described 

sheet-form optical transmission line includes : a first reflecting 
surface for bending an optical axis of a signal beam incident from 
a direction not parallel to the second direction, in the second 
direction; and a second reflecting surface for bending an optical 

25 axis of a signal beam transmitted in the second direction, in the 
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direction not parallel to the second direction, and the optical 
path length difference generating portions are portions where 
refractive index histories of the two optical paths reflected by 
the first and second reflecting surfaces are different from each 
5 other. 

According to this structure, the signal beam incident on 
the optical transmission line from a direction not parallel to 
the second direction can be easily made incident on the optical 
transmission line. Moreover, the signal beam exiting from the 
10 optical transmission line in a direction not parallel to the second 
direction can be easily made to exit from the optical transmission 
line . 

In the structure 2, preferably, further, in the 
above-described sheet-form optical transmission line, a physical 

15 optical path length from a position where all of the signal beam 
is bent in the second direction by the first reflecting surface 
to a position immediately before all of the signal beam is incident 
on the second reflecting surface is equal to (j+0.5) 
( j=0, 1, 2, 3, . . . ) times a period of meandering of an optical path 

2 0 transmitted while meandering based on the refractive index 
distribution. According to this structure, the intensity 
distribution of the signal beam is the same between on the incident 
side and on the exit side. 

In the structure B, preferably, the two optical paths do 

25 not have a portion where the optical path length difference is 
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caused (hereinafter, referred to as structure 3) . According to 
this structure, the phase difference between the two optical paths 
can be made zero. 

In the structure 3, preferably, further, the optical 
5 transmission line is a sheet-form optical transmission line capable 
of trapping the signal beam in the first direction, and includes 
a refractive index distribution such that a refractive index in 
a central portion where a thickness in the first direction is half 
is the highest and the refractive index does not increase with 

10 distance from the central portion in the first direction. 

In the structure 3, preferably, further, the sheet-form 
optical transmission line includes: a first reflecting surface 
for bending an optical axis of a signal beam incident from a direction 
not parallel to the second direction, in the second direction; 

15 and a second reflecting surface for bending an optical axis of 
a signal beam transmitted in the second direction, in the direction 
not parallel to the second direction, a physical optical path length 
between the first reflecting surface and the second reflecting 
surface in the central portion is equal to j/2 ( j =0 , 1 , 2 , 3 , . . . ) 

20 times a period of meandering of an optical path transmitted while 
meandering based on the refractive index distribution, and the 
signal beam is condensed into a line parallel to a third direction 
orthogonal to both the first direction and the second direction 
in the central portion where the thickness, in the first direction, 

25 of the optical transmission line is half on the first reflecting 



surface and the second reflecting surface. 

According to this structure, the first reflecting surface 
and the second reflecting surface are optically in a conjugate 
relationship at the central portion. For this reason, the two 
5 optical paths do not have a part where an optical path length 
difference is caused, between the first reflecting surface and 
the second reflecting surface. Consequently, the phase 
difference between the two optical paths can be made zero. 

Moreover, the above-mentioned sixth object is achieved by 

10 a ninth optical device having the following structure: 

An optical device that transmits an externally incident 
signal beam and makes the transmitted signal beam exit from a 
predetermined position to an outside by a multi-mode interference, 
is provided with: 

15 a sheet-form optical transmission line including a 

refractive index distribution in a first direction, being capable 
of transmitting the signal beam in a second direction orthogonal 
to the first direction, and being capable of trapping the signal 
beam in the first direction; 

20 a number, M (M=l, 2,3,...), of incident portions for making 

the signal beam incident on the sheet-form optical transmission 
line; and 

a number, N (N=l, 2,3,...), of exit portions for making the 
signal beam exit from the sheet-form optical transmission line, 
25 the number, M, of incident portions and the number, N, of 



exit portions include at least one nonparallel incident and exit 
portion that is coupled to the sheet-form optical transmission 
line in a direction where an optical axis of the signal beam 
transmitted inside is not parallel to the second direction, 
5 between two optical paths incident on the sheet-form optical 

transmission line symmetrically to each other with respect to the 
optical axis of the signal beam, of a plurality of optical paths 
of the signal beam transmitted between the nonparallel incident 
and exit portion and the corresponding incident or exit portion, 

10 a phase difference at the time of incidence on the sheet- form optical 
transmission line and a phase difference at the time of exit from 
the sheet-form optical transmission line are the same, and 

the number, M, of incident portions and the number, N, of 
exit portions are all disposed in positions satisfying a 

15 predetermined condition of a self-imaging principle of the 
multi-mode interference . 

According to the above structure, since the ninth optical 
device according to the present invention is provided with the 
optical transmission line including the refractive index 

20 distribution in the first direction and being capable of 
transmitting the signal beam in the second direction orthogonal 
to the first direction by a plurality of optical paths, the mode 
dispersion is suppressed, so that gigabit-class high-frequency 
signal beams can be transmitted in multiple modes. 

25 Moreover, since the nonparallel incident and exit portion 
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is included, it is unnecessary to perform padding when the optical 
parts are mounted. Consequently, the overall structure of the 
optical device can be made compact. 

Moreover, since the phase difference, at the time of 
incidence on the optical transmission line, between the two optical 
paths, of thepluralityof optical paths of the signal beam, incident 
on the optical transmission line symmetrically to each other with 
respect to the optical axis of the signal beam and the phase 
difference, at the time of exit from the optical transmission line, 
between the two optical paths are the same, the intensity 
distribution of the signal beam at the time of incidence can be 
made to exit as the signal beam as it is. That is, since no phase 
difference is caused by the optical transmission line, the signal 
beam can be made to exit from the optical transmission line with 
5 the intensity distribution of the incident beam being maintained, 
so that the signal beam can be made to exit from the optical 
transmission line without any loss. 

Further, the number, M, of incident portions and the number, 
N, of exit portions are all disposed in positions satisfying the 
0 predetermined condition of the self-imaging principle of the 
multi-mode interference, the signal beam can be controlled by use 
of the multi-mode interference. Consequently, an optical device 
such as an optical splitter or an optical combiner can be obtained. 

Preferably, the nonparallel incident portion is coupled to 
5 the optical transmission line so that the optical axis of the signal 



beam transmitted inside is orthogonal to the second direction. 
According to this structure, the outside and the optical 
transmission line can be easily coupled together. For example, 
when optical parts such as a light emitting element that emits 
5 the signal beam that is incident on the optical transmission line 
and a light receiving element that receives the signal beam having 
exited from the optical transmission line are coupled to the optical 
transmission line, the optical parts can be easily mounted. 

Preferably, an optical path length difference between the 

10 two optical paths is equal to an integral multiple of a wavelength 
of the transmitted signal beam (hereinafter, referred to structure 
A) . By providing the structure A, the phase difference between 
the two optical paths can be made zero. 

In the structure A, preferably, the two optical paths include 

15 a number, m (m=l , 2 , 3, . . . ) of optical path length difference 
generating portions where the optical path length difference is 
caused, and a sum of the optical path length differences caused 
in the number, m, of optical path length difference generating 
portions is equal to a natural multiple of the wavelength of the 

20 signal beam (hereinafter, referred to as structure 1) . According 
to this structure, the phase difference between the two optical 
paths can be made zero. 

In the structure 1, preferably, the optical transmission 
line includes a refractive index distribution such that a 

25 refractive index in a central portion where a thickness in the 
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first direction is half is the highest and the refractive index 
does not increase with distance from the central portion in the 
first direction. According to this structure, the signal beam 
is transmitted while the mode dispersion is suppressed by the 
refractive index distribution. 

In the structure 1, preferably, further, the above-described 
sheet-form optical transmission line includes : a first reflecting 
surface for bending an optical axis of a signal beam incident from 
a direction not parallel to the second direction, in the second 
direction; and a second reflecting surface for bending an optical 
axis of a signal beam transmitted in the second direction, in the 
direction not parallel to the second direction, the optical path 
length difference generating portion is a portion where refractive 
index histories of the two optical paths reflected by the first 
and second reflecting surfaces are different from each other. 

According to this structure, the signal beam incident on 
the optical transmission line from a direction not parallel to 
the first direction can be easily made incident on the optical 
transmission line. Moreover, the signal beam exiting from the 
optical transmission line in a direction not parallel to the first 
direction can be easily made to exit from the optical transmission 
line . 

In the structure 1, preferably, further, in the 
above-described sheet-form opt ical transmission line, a physical 
optical path length from a position where all of the signal beam 



is bent in the second direction by the first reflecting surface 
to a position immediately before all of the signal beam is incident 
on the second reflecting surface is equal to j ( j=0, 1, 2, 3, . . . ) 
times a period of meandering of an optical path transmitted while 
5 meandering based on the refractive index distribution . According 
to this structure, the intensity distribution of the signal beam 
is the same between on the incident side and on the exit side. 

In the structure A, preferably, the two optical paths include 
a number, n (n=2 , 3 , 4 , . . . ) of optical path length difference 

10 generating portions where the optical path length difference is 
caused, and a sum of the optical path length differences caused 
in the number, n, of optical path length difference generating 
portions is zero (hereinafter, referred to as structure 2) . 
According to this structure, the phase difference between the two 

15 optical paths can be made zero. 

In the structure 2, preferably, the optical transmission 
line includes a refractive index distribution such that a 
refractive index in a central portion where a thickness in the 
first direction is half is the highest and the refractive index 

20 does not increase with distance from the central portion in the 
first direction. According to this structure, the signal beam 
is transmitted while the mode dispersion is suppressed by the 
refractive index distribution. 

In the structure 2, preferably, further, the above-described 

25 sheet-form optical transmission line includes: a first reflecting 



surface for bending an optical axis of a signal beam incident from 
a direction not parallel to the second direction, in the second 
direction; and a second reflecting surface for bending an optical 
axis of a signal beam transmitted in the second direction, in the 
5 direction not parallel to the second direction, and the optical 
path length difference generating portions are portions where 
refractive index histories of the two optical paths reflected by 
the first and second reflecting surfaces are different from each 
other . 

10 According to this structure, the signal beam incident on 

the optical transmission line from a direction not parallel to 
the second direction can be easily made incident on the optical 
transmission line. Moreover, the signal beam exiting from the 
optical transmission line in a direction not parallel to the first 

15 direction can be easily made to exit from the optical transmission 
line . 

In the structure 2, preferably, further, in the sheet-form 
optical transmission line, a physical optical path length from 
a position where all of the signal beam is bent in the second 

20 direction by the first reflecting surface to a position immediately 
before all of the signal beam is incident on the second reflecting 
surface is equal to (j+0.5) ( j=0, 1, 2, 3, . . . ) times a period of 
meandering of an optical path transmitted while meandering based 
on the refractive index distribution. According to this structure, 

25 the intensity distribution of the signal beam is the same between 
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on the incident side and on the exit side. 

Preferably, an optical path length difference between the 
two optical paths is zero (hereinafter, referred to as structure 
B) . By providing the structure B, the phase difference between 
5 the two optical paths can be made zero. 

In the structure B, preferably, the two optical paths include 
a number, n (n=2 , 3 , 4 , . . . ) of optical path length difference 
generating portions where the optical path length difference is 
caused, and a sum of the optical path length differences caused 
10 in the number, n, of optical path length difference generating 
portions is zero (hereinafter, referred to as structure 2) . 
According to this structure, the phase difference between the two 
optical paths can be made zero. 

In the structure 2, preferably, the optical transmission 
15 line includes a refractive index distribution such that a 
refractive index in a central portion where a thickness in the 
first direction is half is the highest and the refractive index 
does not increase with distance from the central portion in the 
first direction. According to this structure, the signal beam 
20 is transmitted while the mode dispersion is suppressed by the 
refractive index distribution. 

In the structure 2 , preferably, further, the above-described 
sheet-form optical transmission line includes: a first reflecting 
surface for bending an optical axis of a signal beam incident from 
25 a direction not parallel to the second direction, in the second 
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direction; and a second reflecting surface for bending an optical 
axis of a signal beam transmitted in the second direction, in the 
direction not parallel to the second direction, and the optical 
path length difference generating portions are portions where 
5 refractive index histories of the two optical paths reflected by 
the first and second reflecting surfaces are different from each 
other . 

According to this structure, the signal beam incident on 
the optical transmission line from a direction not parallel to 
10 the second direction can be easily made incident on the optical 
transmission line. Moreover, the signal beam exiting from the 
optical transmission line in a direction not parallel to the second 
direction can be easily made to exit from the optical transmission 
line . 

15 In the structure 2, preferably, further, in the 

above-described sheet-form optical transmission line, a physical 
optical path length from a position where all of the signal beam 
is bent in the second direction by the first reflecting surface 
to a position immediately before all of the signal beam is incident 

20 on the second reflecting surface is equal to (j+0.5) 
( j=0, 1, 2, 3, . . . ) times a period of meandering of an optical path 
transmitted while meandering based on the refractive index 
distribution. According to this structure, the intensity 
distribution of the signal beam is the same between on the incident 

25 side and on the exit side. 



In the structure B, preferably, the two optical paths do 
not have a portion where the optical path length difference is 
caused (hereinafter, referred to as structure 3) . According to 
this structure, the phase difference between the two optical paths 
5 can be made zero. 

In the structure 3, preferably, the optical transmission 
line includes a refractive index distribution such that a 
refractive index in a central portion where a thickness in the 
first direction is half is the highest and the refractive index 

10 does not increase with distance from the central portion in the 
first direction. 

In the structure 3, preferably, further, the above-described 
sheet-form optical transmission line includes: a first reflecting 
surface for bending an optical axis of a signal beam incident from 

15 a direction not parallel to the second direction, in the second 
direction; and a second reflecting surface for bending an optical 
axis of a signal beam transmitted in the second direction, in the 
direction not parallel to the second direction, a physical optical 
path length between the first reflecting surface and the second 

20 reflecting surface in the central portion is equal to j/2 
( j=0, 1, 2 , 3, . . . ) times a period of meandering of an optical path 
transmitted while meandering based on the refractive index 
distribution, and the signal beam is condensed into a line parallel 
to a third direction orthogonal to both the first direction and 

25 the second direction in the central portion where the thickness, 
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in the first direction, of the optical transmission line is half 
on the first reflecting surface and the second reflecting surface. 

According to this structure, the first reflecting surface 
and the second reflecting surface are optically in a conjugate 
5 relationship at the central portion. For this reason, the two 
optical paths do not have a part where an optical path length 
difference is caused, between the first reflecting surface and 
the second reflecting surface. Consequently, the phase 
difference between the two optical paths can be made zero. 

10 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1A is a perspective view showing the general outline 
of a graded index slab waveguide of an optical device that splits 
one beam into two beams according to a first embodiment of the 
15 present invention. 

FIG. IB is a cross-sectional view of the graded index slab 
waveguide of the optical device that splits one beam into two beams 
according to the first embodiment of the present invention. 

FIG. 2 is a perspective view showing the general outline 
20 of a graded index slab waveguide of an optical device that splits 
one beam into eight beams according to a second embodiment of the 
present invention . 

FIG. 3 is a perspective view showing the general outline 
of a two-signal straight sheet bus which is an optical device 
25 according to a third embodiment of the present invention. 



FIG. 4 is a perspective view showing the general outline 
of an eight-signal straight sheet bus which is an optical device 
according to a modification of the third embodiment of the present 
invention . 

5 FIG. 5 is a perspective view showing the general outline 

of a two-signal cross sheet bus which is an optical device according 
to a fourth embodiment of the present invention. 

FIG. 6 is a perspective view showing the general outline 
of an eight-signal cross sheet bus which is an optical device 
10 according to a modification of the fourth embodiment of the present 
invention . 

FIG. 7 is a perspective view showing the general outline 
of a two-signal star coupler which is an optical device according 
to a fifth embodiment of the present invention. 
15 FIG. 8A is a perspective view showing the general outline 

of a one side control type optical switch which is an optical device 
according to a sixth embodiment of the present invention. 

FIG. 8B is a perspective view showing the general outline 
of a both side control type optical switch which is an optical 
20 device according to a first modification of the sixth embodiment 
of the present invention. 

FIG. 9 is a perspective view showing the general outline 
of an optical switch array which is an optical integrated device 
according to a seventh embodiment of the present invention. 
25 FIG. 10 is a perspective view showing the general outline 
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of a single-pair two-way straight sheet bus which is an optical 
device according to an eighth embodiment of the present invention. 

FIG. 11 is a perspective view showing the general outline 
of a four-pair two-way straight sheet bus which is an optical device 
5 according to a modification of the eighth embodiment of the present 
invention . 

FIG. 12 is a perspective view showing the general outline 
of a single-pair two-way cross sheet bus which is an optical device 
of a ninth embodiment of the present invention. 
10 FIG. 13 is a schematic diagram of the structure of a 

single-pair two-way straight sheet bus array which is an optical 
integrated device according to a tenth embodiment of the present 
invention . 

FIG. 14 is a schematic diagram of the structure of a 
15 multi-layer optical bus which is an optical integrated device 
according to an eleventh embodiment of the present invention. 

FIG. 15A is a perspective view showing an example of the 
incidence and exit method of the graded index slab waveguide. 

FIG. 15B is a perspective view showing another example of 
20 the incidence and exit method of the graded index slab waveguide. 

FIG. 16 is a perspective view showing still another example 
of the incident and exit method of the graded index slab waveguide . 

FIG. 17A is a perspective view showing an example of the 
configuration of the graded index slab waveguide. 
25 FIG. 17B is a perspective view showing another example of 
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the configuration of the graded index slab waveguide. 

FIG. 18 is a result of a BPM (beam propagation method) 
simulation in the case where one signal beam is split into two 
beams . 

5 FIG. 19 is a top view showing a graded index slab waveguide 

of a star coupler having three input and output beams according 
to the present invention. 

FIG. 20A is a perspective view showing the general outline 
of a one side control type optical switch which is an optical device 
10 according to a second modification of the sixth embodiment of the 
present invention . 

FIG. 20B is a perspective view showing the general outline 
of a both side control type optical switch which is an optical 
device according to a third modification of the sixth embodiment 
15 of the present invention. 

FIG. 21A is a perspective view showing the general outline 
of a graded index slab waveguide of an optical device that performs 
beam multiplexing according to a twelfth embodiment of the present 
invention . 

20 FIG. 21B is a cross-sectional view of the graded index slab 

waveguide of the optical device that performs beam multiplexing 
according to the twelfth embodiment of the present invention. 

FIG. 22A is a result of a BPM simulation performed when a 
signal beam of 1 . 30^im is transmitted through the graded index slab 

25 waveguide. 



FIG. 22B is a result of a BPM simulation performed when a 
signal beam of 1.55 pm is transmitted through the graded index 
slab waveguide 1201. 

FIG. 23 is a schematic diagram of the structure of an optical 
5 device which is a 1X2 optical splitter according to a thirteenth 
embodiment of the present invention. 

FIG. 24 is a top view showing a relevant part of an optical 
device for increasing the distance among three or more signal beams 
according to a first modification of the thirteenth embodiment 
10 of the present invention. 

FIG. 25 is a top view showing a relevant part of an optical 
device for increasing the distance between signal beams according 
to a secondmodif ication of the thirteenth embodiment of the present 
invention . 

15 FIG. 26 is a perspective view showing the general outline 

of the structure of an optical device having a beam converter 
according to a fourteenth embodiment of the present invention. 

FIG. 27 is a perspective view showing the general outline 
of the structure of an optical device according to a first 
20 modif icationof the fourteenth embodiment of the present invention. 

FIG. 28A is a top view showing the general outline of the 
structure of an optical device according to a second modification 
of the fourteenth embodiment of the present invention. 

FIG. 28B is a cross-sectional view showing an example of 
25 an exit side beam converter of the optical device according to 
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the secondmodif ication of the fourteenth embodiment of the present 
invention . 

FIG. 28C is a cross-sectional view showing another example 
of the exit side beam converter of the optical device according 
5 to the second modification of the fourteenth embodiment of the 
present invention . 

FIG. 29 is a perspective view showing the general outline 
of the structure of an optical device according to a third 
modification of the fourteenth embodiment of the present invention . 
10 FIGs. 30 are explanatory views showing another example of 

the method of manufacturing the graded index slab waveguide. 

FIGs. 31 are explanatory views showing another example of 
the method of manufacturing the graded index slab waveguide. 

FIGs. 32 are explanatory views explaining the mechanism of 
15 the refractive index distribution using polysilane. 

FIG. 33 is an explanatory view explaining a method of 
manufacturing the optical device according to the first 
modif icationof the fourteenth embodiment of the present invention. 

FIG. 34 is an explanatory view explaining another example 
20 of the method of manufacturing the optical device according to 
the first modification of the fourteenth embodiment of the present 
invention . 

FIG. 35 is an explanatory view explaining another example 
of the method of manufacturing the optical device according to 
25 the first modification of the fourteenth embodiment of the present 
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invention . 

FIG. 36A is a perspective view of a multi-mode interference 
1X2 splitter according to a fifteenth embodiment of the present 
invention . 

5 FIG . 36B is a front view of the multi-mode interference 1 

X2 splitter. 

FIG. 37 is a cross-sectional view of a part, where the signal 
beam is transmitted, of the multi-mode interference 1X2 splitter 
according to the fifteenth embodiment of the present invention. 
10 FIG . 38A is a cross section, taken on a plane including the 

C-D-G-H plane in FIG. 36A, of a sheet-form optical transmission 
line and an incident portion. 

FIG. 38Bisa graph showing the refractive index distribution 
of the sheet-form optical transmission line. 
15 FIG. 39 is a cross-sectional view of a part, where the signal 

beam is transmitted, of a multi-mode interference 1X2 splitter 
according to a sixteenth embodiment of the present invention. 

FIG. 40 is a cross-sectional view of a part, where the signal 
beam is transmitted, of a multi-mode interference 1X2 splitter 
20 according to a seventeenth embodiment of the present invention. 

FIG. 41A is a cross-sectional view of a part, where the signal 
beam is transmitted, of a multi-mode interference 1X2 splitter 
according to an eighteenth embodiment of the present invention. 

FIG. 41B is a cross-sectional view of a part, where the signal 
25 beam is transmitted, of a multi-mode interference 1X2 splitter 



according to a nineteenth embodiment of the present invention. 

FIG. 42A is a cross-sectional view of a part, where the signal 
beam is transmitted, of a multi-mode interference 1X2 splitter 
according to a twentieth embodiment of the present invention. 

FIG. 42B is a cross-sectional view of a part, where the signal 
beam is transmitted, of a multi-mode interference 1X2 splitter 
according to a twenty-first embodiment of the present invention. 

FIG. 43A is a cross-sectional view of a part, where the signal 
beam is transmitted, of a multi-mode interference 1X2 splitter 
according to a twenty-second embodiment of the present invention. 

FIG. 43B is a cross-sectional view of a part, where the signal 
beam is transmitted, of a multi-mode interference 1X2 splitter 
according to a twenty-third embodiment of the present invention. 

FIG. 44 is a perspective view showing the structure of the 
multi-mode interference 1X2 splitter according to the fifteenth 
embodiment of the present invention. 

FIG. 45 is a partial cross-sectional view of the sheet-form 
optical transmission line according to the fifteenth embodiment. 

FIGs. 4 6A to 4 6D are schematic views each showing an example 
of the input and output structure of the optical device. 

FIG. 47A is a perspective view showing the general outline 
of a graded index slab waveguide of an optical device that splits 
one beam into two beams according to a twenty-fourth embodiment 
of the present invention. 

FIG. 47B is a perspective view showing the general outline 
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of a graded index slab waveguide of an optical device that splits 
one beam into two beams according to a modification of the 
twenty-fourth embodiment of the present invention. 



5 BEST MODE FOR CARRYING OUT THE INVENTION 

Hereinafter, embodiments of the present invention will be 
described with reference to the drawings. The present invention 
is not limited to the embodiments described below. Moreover, the 
present invention includes combinations of the embodiments 

10 described below. In the graded index slab waveguides according 
to the embodiments, the direction parallel to the z-axis is defined 
as the direction of the length, the direction parallel to the y-axis 
is defined as the direction of the length and the direction parallel 
to the x-axis is defined as the direction of the width. In 

15 particular, the direction, toward the positive side, of the z-axis 
is defined as the transmission direction. Moreover, in the graded 
index slab waveguides according to the embodiments, the size in 
the direction parallel to the x-axis is the slab width (W) , the 
size in the direction parallel to the y-axis is the slab thickness 

20 (D), and the size in the direction parallel to the z-axis is the 
slab length L. Unless otherwise specified, in the figures, the 
refractive index distribution is schematically shownby the shading 
in the figures, and the darker the shading is, the higher the 
refractive index is. 

25 (First embodiment) 



FIG. 1A is a perspective view showing the general outline 
of a graded index slab waveguide 101 of an optical device that 
splits one beam into two beams according to a first embodiment 
of the present invention. FIG. IB is a cross-sectional view of 
5 the graded index slab waveguide 101 of the optical device that 
splits one beam into two beams according to the first embodiment 
of the present invention. FIG. 18 is a result of a BPM (beam 
propagation method) simulation in the case where one beam is split 
into two beams. 

10 The optical device according to the first embodiment 

comprises as a main element the graded index slab waveguide 101 
that transmits beams. The graded index slab waveguide 101 is, 
as shown in FIG. 1A, a sheet-form multi-mode optical transmission 
line that extends parallel to the x-z plane. The graded index 

15 slab waveguide 101 has a refractive index distribution in the 
direction of the thickness such that the highest refractive index 
n ma x is provided at the central position in the direction of the 
thickness and the refractive index does not increase with distance 
from the center. The graded index slab waveguide 101 has a uniform 

20 refractive index in the direction of the width and has no refractive 
index distribution. The graded index slab waveguide 101 includes 
an incident surface 102 and an exit surface 103. The incident 
surface 102 is opposed to an incident portion (not shown) that 
makes an incident beam 107 incident on the central position in 

25 the direction of the width. The exit surface 103 is opposed to 



an exit portion (not shown) that receives two exiting beams 108 
that exit from positions symmetrical with respect to the center 
in the direction of the width. The incident portion makes the 
incident beam 107 corresponding to a signal beam incident on the 
5 central position, in the direction of the width, of the incident 
surface 102 . The incident beam 107 is transmitted inside the graded 
index slab waveguide 101. The incident beam 107 is split into 
two beams according to the self-imaging principle of the multi-mode 
interference described later inside the graded index slab waveguide 

10 101, and exits as the two exiting beams 108 from positions, apart 
from each other in the direction of the width, of the exit surface 
103 to reach the exit portion. 

The slab length L of the graded index slab waveguide 101 
is substantially n 0 XWo 2 / {2X) , and the distance Dl, in the direction 

15 of the width, between the exit positions of the two exiting beams 
108 is substantially, W 0 /2 . Here, W 0 is the width of the basic 
mode, in the direction of the width, of the graded index slab 
waveguide 101, and n 0 is the effective refractive index of the 
Oth-order mode beam excited in the direction of the width. The 

20 effective refractive index n 0 is a constant determined by the 
highest refractive index n max in the direction of the thickness 
and the configuration of the graded index slab waveguide 101. 
However, behind the position where the slab length L coincides 
with n 0 XW 0 2 /(2M, similar output is repeated every length n 0 X 

25 W 0 2 /k by the self -imaging principle . Therefore, by the slab length 



L being an odd multiple of n 0 XW 0 2 /(2M , the slab length L can be 
adjusted so as to be a desired length. 

For example, a case will be considered where in the graded 
index slab waveguide 101 shown in FIG . 1A, the effective refractive 
5 index n 0 with respect to the 0-th order mode beam excited in the 
direction of the width is approximately 1.5, the wavelength X of 
the transmitted beam is 1.30 fim, the slab width W of the graded 
index slab waveguide 101 is 400 pm and the slab thickness D of 
the graded index slab waveguide 101 is 50 pm. The width W 0 of 

10 the basic mode, in the direction of the width, of the graded index 
slab waveguide 101 is dependent on the refractive index ni of the 
surrounding of the graded index slab waveguide 101. When the 
surrounding of the graded index slab waveguide 101 is air (ni=l) , 
since the value of W 0 is 400.16 jim, the value of the shortest slab 

15 length L of the graded index slab waveguide 101 is approximately 
92, 400 |nm. At this time, the value of the distance Dl between 
the exit positions of the exiting beams 108 is 200 . 08 \im. FIG. 18 
shows the result of the BPM simulation performed under the 
above-described conditions . In FIG. 18, a manner is seen in which 

20 the incident beam 107 incident on the central position, in the 
direction of the width, of the incident surface 102 is split into 
five beams, four beams and then, three beams while interfering 
in multiple modes in the direction of the length, and in the end, 
the incident beam 107 is split into two beams at the exit surface 

25 as designed. 



The refractive index distribution, in the direction of the 
thickness, of the graded index slab waveguide 101 is approximately 
expressed, for example, by the highest refractive index n max at 
the central position in the direction of the thickness situated 
5 at the center in the direction of the thickness, the distance r 
away from the central position in the direction of the thickness 
and a refractive index distribution constant A 1/2 as shown by 
(Expression 1) : 

r 2 

n = ^max (1 ~ (Expression 1) 

10 It is difficult for the actual refractive index distribution 

to completely coincide with (Expression 1) because of the 
difficulty of controlling the manufacturing process. The graded 
index slab waveguide 101 according to the first embodiment has 
a structure in which the part of the highest refractive index is 

15 formed in the vicinity of the center and the refractive index 
decreases according to the parabola as defined by (Expression 1) 
according to the distance from the part of the highest refractive 
index . 

In actuality, in the signal beam transmitted through the 
20 graded index slab waveguide 101, a plurality of modes is excited 
in the direction of the width and the effective refractive index 
differs among the modes. As mentioned later, in the MMI , since 
the size in the direction of the length is a function of the effective 
refractive index of the Oth-order mode beam excited in the direction 



of the width, it is more convenient to replace the highest refractive 
index n max with the effective refractive index n 0 of the Oth-order 
mode beam excited in the direction of the width. Therefore, in 
the following discussion, the effective refractive index n 0 of 
the Oth-order mode beam excited in the direction of the width is 
used as the refractive index. The effective refractive index n 0 
is determined by the highest refractive index n ma x, the wavelength 
of the signal beam and the configuration of the sheet-form optical 

transmission line. 

The refractive index distribution constant is optimized 
according to the film thickness of the graded index slab waveguide 
101 and the profile of the incident beam 107 so that the beam 
transmitted in the graded index slab waveguide 101 does not spread 
outside the film thickness. For example, when the spread angle 
of the incident beam 107 is large compared to the film thickness 
of the graded index slab waveguide 101, the refractive index 
distribution constant is increased. Conversely, when the spread 
angle of the incident beam 107 is low, the refractive index 
distribution constant is decreased. Moreover, by adjusting the 
film thickness of the graded index slab waveguide 101 in accordance 
with the beam diameter of the incident beam 107, the coupling loss 
can be reduced. The refractive index distribution is not 
necessarily a continuous change as shown in (Expression 1); it 
may stepwisely change as a function of the distance from the center . 

Next, a mechanism will be described of, when an incident 

93 



beam incident symmetrically with respect to the central line in 
the direction of the width is incident on the incident surface 
102 of the graded index slab waveguide 101, splitting the incident 
beam into two beams symmetrically with respect to the central line 
5 in the direction of the width on the side of the exit surface 103. 
The case (i) of a beam transmitted within the central plane in 
the direction of the thickness (signal beam transmitted on the 
optical path designated A in FIG. IB and (ii) a beam not transmitted 
within the central plane in the direction of the thickness will 

10 be described separately . Asthebeamof (ii) not transmitted within 
the central plane in the direction of the thickness, the following 
two signal beams are present: the case of an incident beam that 
is incident with an angle of axis shift on the central plane (signal 
beam transmitted on the optical path designated B in FIG. IB) and 

15 the case of an incident beam that is incident on a position 
position-shifted (axis-shifted) from the central plane (signal 
beam transmitted on the optical path designated C in FIG. IB) . 
Thebeamof (i) transmitted within the central plane in the direction 
of the thickness is not affected by the refractive index 

20 distribution in the direction of the thickness . On the other hand, 
the beam of (ii) not transmitted within the central plane in the 
direction of the thickness is affected by the refractive index 
distribution in the direction of the thickness. 

In the graded index slab waveguide 101, the behavior of the 

25 beam of (i) transmitted within the central plane in the direction 
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of the thickness is equivalent to that in a case where a uniform 
refractive index is the effective refractive index n 0 with respect 
to the Oth-order mode excited in the direction of the width in 
the slab waveguide described in Document (11), because it is 
5 affected substantially only by the effective refractive index n 0 . 
Therefore, the condition of the exiting beams with respect to the 
incident beam transmitted within the central plane, in the 
direction of the thickness, of the graded index slab waveguide 
101 varies according to the slab length L by the multi-mode mode 

10 dispersion excited in the direction of the width of the slab 
waveguide whose refractive index is n 0 and uniform. Here, that 
the condition of the exiting beams varies means that the number 
and exit positions of images the same as the incident beam vary. 
The graded index slab waveguide 101 according to the first 

15 embodiment is structured so that by the slab length L substantially 
coinciding with n 0 X W 0 2 A/2 and making one incident beam 107 
incident on the central position, in the direction of the width, 
of the incident surface 102, images the same as the incident beam 
107 are formed on the exit surface 103 at an interval of substantially 

20 W 0 /2 so as to be symmetrical with respect to the center in the 
direction of the width . The graded index slab waveguide 101 outputs 
two images formed on the exiting surface 103 as the two exiting 
beams 108. The two exiting beams 108 have the same profile since 
they are outputs of the same image as the incident beam 107. 

25 By using this self-imaging principle of the multi-mode 
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interference (MMI) , a device having functions shown in the 
following (1) and (2) can be formed in accordance with the incident 
position in the direction of the width: 
(1) Asymmetrical incidence 

In a slab waveguide having the uniform refractive index n 0 , 
with respect to an incident beam shifted by x from the center in 
the direction of the width, an exiting beam having the same profile 
as the incident beam exits from the exit surface with the position 
and number thereof being varied according to the slab length L 
as shown by the following (Expression 2) to (Expression 8) . Here, 
p and N are integers. Moreover, the integer p is an integer where 
(p±l/N) is positive. 
(1-1) 

8"o^o 2 

L = p — — — (Expression 2) 
X 

By the slab length L satisfying (Expression 2) , an exiting 
beam can be made to exit from a position corresponding to the incident 
beam in the direction of the width of the exit surface, that is, 
a position shifted by x, from the center in the direction of the 
width, in the same direction as that in the case of the incident 
beam. 

(1-2) 

L = (2p + l) 4n °^ 0 (Expression 3) 

By the slab length L satisfying (Expression 3) , an exiting 
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beam can be made to exit from a position symmetrical to the incident 
beam with respect to the center in the direction of the width in 
the direction of the width of the exit surface, that is, a position 
shifted by x, from the center in the direction of the width, in 
5 the direction opposite to that in the case of the incident beam. 
(1-3) 

1 4n W 2 

L = (p±— ) 0 0 (Expression 4) 
N X 

By the slab length L satisfying (Expression 4), a number, 
N, of exiting beams can be made to exit from a number, N, of positions 

10 between a position corresponding to the incident beam in the 
direction of the width of the exit surface, that is, a position 
shifted by x, from the center in the direction of the width, in 
the same direction as that in the case of the incident beam and 
a position symmetrical to the incident beam with respect to the 

15 center in the direction of the width in the direction of the width 
of the exit surface, that is, a position shifted by x, from the 
center in the direction of the width, in the direction opposite 
to that in the case of the incident beam. 

When the number of incident beams is two and the incident 

20 positions thereof are both shifted by approximately ±W 0 /6 from 
the center, the slab length L is 1/3 the slab length L that is 
mentioned in (1-1) to (1-3) as shown below. 
(1-1) 1 
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L = p — — — (Expression 5) 
3A 



(1-2) 1 



4n W 2 

L = (2/7 + 1) — ^— 2- (Expression 6) 



3A 

(1-3) ' 



1 AnW 2 

L = (p±— ) 0 0 (Expression 7) 



AT 3A 

(2) Symmetrical center incidence 

In a slab waveguide having the uniform refractive index n 0 , 
with respect to an incident beam that is incident symmetrically 
with respect to the center in the direction of the width, an exiting 
10 beam having the same profile as the incident beam exits from the 
exit surface with the position and number thereof being varied 
according to the slab length L as shown by the following 
(Expression 8). Here, p and N are integers. Moreover, the 
integer p is an integer where (p±l/N) is positive. 

1 n W 2 

15 L = (p±—) 0 0 (Expression 8) 

N A 

By the slab length L satisfying (Expression 8), a number, 
N, of exiting beams exit at intervals of Wo/N so as to be symmetrical 
with respect to the center in the direction of the width of the 
exit surface. 

20 When there is a plurality of incident beams, exiting beams 

are separately obtained for each of the incident beams, and the 
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corresponding exiting beams are superimposed on each other. 

The beam transmitted within the central plane, in the 
direction of the thickness, of the graded index slab waveguide 
101 according to the first embodiment corresponds to a case where 
5 the refractive index is n 0 and N=2 in (Expression 8) . Therefore, 
the incident beam is split into two beams at the exit end. 

On the other hand, the beam of (ii) not transmitted within 
the central plane in the direction of the thickness propagates 
along the central plane while meandering in the direction of the 

10 thickness as shown in FIG. IB, because it is affected by the 
refractive index distribution in the direction of the thickness. 
That is, since the beam traveling in a direction away from the 
central plane always travels from a part where the refractive index 
is relatively high to a part where the refractive index is relatively 

15 low, as the beam travels, the angle between the direction of travel 
and the direction of the thickness gradually increases, and becomes 

90° at the position farthest from the central axis. Moreover, 
since the beam traveling in a direction toward the central plane 
always travels from a part where the refractive index is relatively 

20 low to a part where the refractive index is relatively high, as 
the beam travels, the angle between the direction of travel and 
the direction of the thickness gradually decreases, and becomes 
smallest at the position intersecting the central plane. Since 
the refractive index that affects the beam of (ii) not transmitted 

25 within the central plane in the direction of the thickness is always 
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lower than the refractive index at the center although it makes 
the beam meander, the speed of the beam (ii) is higher than that 
of the beam of (i) transmitted on the central axis in the direction 
of the thickness . 
5 When the refractive index distribution is the refractive 

index distribution of the quadratic function shown in 
(Expression 1) , the component of the transmission speed parallel 
to the central plane of the beam of (ii) not transmitted within 
the central plane in the direction of the thickness is equal to 

10 the transmission speed of the beam of (i) transmitted within the 
central plane in the direction of the thickness. This means that 
there is no mode dispersion in the direction of the thickness. 
Therefore, the component, parallel to the central plane, of the 
beam of (ii) not transmitted within the central plane in the 

15 direction of the thickness (component, in a direction vertical 
to the direction of the thickness, of a meandering beam) of the 
incident beam is split into two beams symmetrically with respect 
to the center in the direction of the width at the exit surface 
like the beam of (i) transmitted within the central plane in the 

20 direction of the thickness. 

Since the component, vertical to the central plane, of the 
beam of (ii) not transmitted within the central plane in the 
direction of the thickness (component, in the direction of the 
thickness, of a meandering beam) of the incident beam changes 

25 according to the propagation position of the meandering beam, the 
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condition of the exiting beams cannot be determined. However, 
the component, in the direction of the thickness, of the meandering 
beam is not affected by a signal waveform disturbance due to the 
mode dispersion, because the mode dispersion in the direction of 
5 the thickness does not occur. For this reason, the component 
behaves equivalently to that in the case where there is no influence 
of the mode dispersion also in the direction of the width. 
Therefore, the two exiting beams each have the same image as the 
incident beam. From the above result, the beam of (ii) not 

10 transmitted within the central plane in the direction of the 
thickness (meandering beam) is split into two beams as the same 
image as the incident beam symmetrically with respect to the center 
in the direction of the width according to the slab waveguide 
configuration like in the case of (i) . 

15 As described above, since the incident beam is equally split 

into two beams with respect to all the eigenmodes in the direction 
of the thickness of the graded index slab waveguide 101, an optical 
device can be obtained that functions, if the incident beam is 
incident on the central position, in the direction of the width, 

20 of the incident surface, as a 1X2 splitting device even when the 
incident beam is position-shifted from the center in the direction 
of the thickness or has a large spread angle. Since the position 
shift, from the center in the direction of the width, of the incident 
beam is a cause of an imbalance in the splitting ratio between 

25 the exiting beams, when it is intended to obtain equal exiting 
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beams, it is preferable that position shift be minimized. However, 
it is possible to adjust the splitting ratio by actively using 
the position shift. 

As described above, since the 1X2 splitting device according 
5 to the first embodiment has a graded index slab waveguide having 
a slab length L which is an odd multiple of a value expressed by 
the following expression, with respect to an incident beam that 
is incident on the center, in the direction of the width, of the 
incident surface of the graded index slab waveguide, two exiting 
10 beams can be generated and outputted symmetrically with respect 
to the center, in the direction of the width, of the exit surface. 

2A 

By interchanging the incident surface and the exit surface, 
the 1X2 optical splitting device according to the first embodiment 

15 can be used as a 2X1 optical combining device. In this case, 
two incident beams are made incident symmetrically with respect 
tothecenter, in the directionof the width, of the incident surf ace, 
and one exiting beam is made to exit from the center, in the direction 
of the width, of the exit surface. The slab length L of the 2 

20 XI optical combining device is equal to the slab length L of the 
1X2 optical splitting device. 
( Second embodiment ) 

FIG. 2 is a perspective view showing the general outline 
of a graded index slab waveguide of an optical device that splits 
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one beam into eight beams according to a second embodiment of the 
present invention. The optical device according to the second 
embodiment comprises as a main element the graded index slab 
waveguide 201 that transmits beams. The graded index slab 
5 waveguide 201 is, as shown in FIG. 2, a sheet-form multi-mode 
optical transmission line that extends parallel to the x-z plane. 
The graded index slab waveguide 201 has a refractive index 
distribution such that the highest refractive index n max is provided 
at the center in the direction of the thickness and the refractive 

10 index does not increase with distance from the center. The graded 
index slab waveguide 201 has a uniform refractive index in the 
direction of the width and has no refractive index distribution. 
The graded index slab waveguide 201 includes an incident surface 
202 and an exit surface 203. The incident surface 202 is opposed 

15 to an incident portion (not shown) that makes an incident beam 
207 incident on the central position in the direction of the width. 
The exit surface 203 is opposed to a light receiving portion 220 
that receives eight exiting beams 208 that exit from positions 
symmetrical with respect to the center in the direction of the 

20 width. Moreover, the optical device 200 according to the second 
embodiment is provided with an array O/E converter 221 and an output 
electric line (bus) 222. The array O/E converter 221 includes 
eight light receiving portions 220. The array O/E converter 221 
is connected to the output electric line 222. 

25 In the second embodiment, the slab length L substantially 
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coincides with n 0 XW 0 2 /(8A.) , and the distance Dl between the exit 
positions of the eight exiting beams 208 substantially coincides 
with W 0 /8. Here, the effective refractive index of the Oth-order 
mode beam excited in the direction of the width is n 0 . By setting 
5 the slab length L and the exit position distance Dl to these values, 
eight images that are the same as the incident beam are formed 
on the exit surface at intervals of substantially W 0 /8 so as to 
be symmetrical with respect to the center in the direction of the 
width . The graded index slab waveguide 201 according to the second 

10 embodiment outputs the eight images formed on the exit surface 
203, as the eight exiting beams 208. The eight exiting beams 208 
which are outputs of the same image as the incident beam 207 have 
the same profile. According to the self-imaging principle, since 
a similar phenomenon occurs every length of the value of the 

15 expression shown below, by changing the integer p, the slab length 
L can be adjusted according to use. The detailed mechanism of 
splitting one beam into eight beams and the mechanism in which 
there is no signal beam waveform disturbance in the direction of 
the thickness and in the direction of the width even in the case 

20 of high-speed transmission are similar to those of the first 
embodiment . 



parentheses positive) 

By the above structure, the incident beam 207 is incident, 
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(p is an integer that makes the value inside the 



as a signal beam, on the center, in the direction of the width, 
of the incident surface 202, and is transmitted inside the graded 
index slab waveguide 201. The signal beam is split into eight 
beams according to the self-imaging principle of the MM I inside 
5 the graded index slab waveguide 201, and exits as the eight exiting 
beams 208 from positions, apart from each other in the direction 
of the width, of the exit surface 203 to reach the eight light 
receiving portions 220. The signal beams received by the light 
receiving portions 220 are converted into electric signals by the 

10 array O/E converter 221, and outputted to the outside from the 
output electric line (bus) 222. 

Moreover, in the optical device according to the second 
embodiment, the light receiving portions 220 that receive the 
exiting beams 208 having exited from the exit surface are formed 

15 in the array O/E converter 221 and the array O/E converter 221 
is connected to the output electric line 222. By this structure, 
the exiting beams outputted from the graded index slab waveguide 
201 are converted into electric signals in a space-saving manner, 
so that a coupler that couples the exiting beams to an optical 

20 fiber or the like is unnecessary . Consequently, the optical device 
according to the second embodiment can be structured so as to be 
easy to adjust and compact. 

As described above, since the 1X8 optical splitting device 
according to the second embodiment has a graded index slab waveguide 

25 having a slab length L of a value expressed by the following 
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expression, with respect to an incident beam that is incident on 
the center, in the direction of the width, of the incident surface 
of the graded index slab waveguide, eight exiting beams can be 
generated and outputted symmetrically with respect to the center, 
5 in the direction of the width, of the exit surface. 



2 



9- (p is an integer that makes the value inside the 



P ± i - 

8. 

parentheses positive) 

By interchanging the incident surface and the exit surface, 
the 1X8 optical splitting device according to the second embodiment 

10 can be used as an 8X1 optical combining device. In this case, 
eight incident beams are made incident symmetrically with respect 
tothecenter, in the direction of the width, of the incident surf ace, 
and one exiting beam is made to exit from the center, in the direction 
of the width, of the exit surface. The slab length L of the 8 

15 XI optical combining device is equal to the slab length L of the 
1X2 optical splitting device. 

While an example of the 1X2 optical splitting device is 
shown in the first embodiment and an example of the 1X8 optical 
splitting device is shown in the second embodiment, generally, 

20 a 1XN (N=l, 2, 3, . . . ) optical splitting device can be similarly 
designed. In this case, by making incident one incident beam on 
the central position, in the direction of the width, of the incident 
surface of the graded index slab waveguide having a slab length 
L that satisfies the value of the following expression, a number, 
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N, of exiting beams can be obtained so as to be symmetrical with 
respect to the center, in the direction of the width, of the exit 
surface . 



5 parentheses positive) 

In the case of an NX1 optical combining device, by making 
incident a number, N, of incident beams symmetrically with respect 
to the center, in the direction of the width, of the incident surface 
of the graded index slab waveguide having a similar slab length, 
10 one exiting beam can be obtained at the center of the exit surface. 



of a two-signal straight sheet bus which is an optical device 
according to a third embodiment of the present invention. The 

15 optical device according to the third embodiment comprises as a 
main element a graded index slab waveguide 301 that transmits beams . 
The graded index slab waveguide 301 is, as shown in FIG. 3, a 
sheet-form multi-mode optical transmission line that extends 
parallel to the x-z plane. The graded index slab waveguide 301 

20 has a distribution such that the highest refractive index n max is 
provided at the center in the direction of the thickness and the 
refractive index does not increase with distance from the center. 
The graded index slab waveguide 301 has a uniform refractive index 
in the direction of the width and has no refractive index 




(p is an integer that makes the value inside the 



(Third embodiment ) 



FIG. 3 is a perspective view showing the general outline 



107 



distribution. The optical device according to the third 
embodiment is provided with an array E/O converter 332, an input 
electric line (bus) 333, and an array O/E converter 336 and an 
output electric line (bus) 337. 

The array E/O converter 332 includes a first light emitting 
portion 330 and a second light emitting portion 331. The first 
light emitting portion 330 makes a first beam 338 (wavelength: 
X) incident on a given position in the direction of the width on 
an incident surface 302 of the graded index slab waveguide 301. 
The second light emitting portion 331 makes a second beam 339, 
having the same wavelength as the first beam, incident on a given 
position in the direction of the width on the incident surface 
of the graded index slab waveguide 301. Moreover, the array E/O 
converter 332 is connected to the input electric line (bus) 333. 
The array E/O converter 332 converts external electric signals 
inputted from the input electric line 333 into signal beams emitted 
from the first light emitting portion 330 and the second light 
emitting portion 331. 

The array O/E converter 336 includes a first light receiving 
portion 334 and a second light receiving portion 335. The first 
light receiving portion 334 is disposed in a position whose position 
in the direction of the width is the same as that of the first 
light emitting portion 330 on the exit surface 303 of the graded 
index slab waveguide 301. The second light receiving portion 335 
is disposed in a position whose position in the direction of the 
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width is the same as that of the second light emitting portion 
331 on the exit surface of the graded index slab waveguide 301. 
Moreover, the array O/E converter 336 is connected to the output 
electric line (bus) 337. The array O/E converter 336 converts 
5 signal beams received by the first light receiving portion 334 
and the second light receiving portion 335 into electric signals, 
and outputs the electric signals to the output electric line 337. 

The slab length L of the graded index slab waveguide 301 
substantially coincides with 8XnoXW 0 2 A. Here, the effective 

10 refractive index of the Oth-order mode beam excited in the direction 
of the width is n 0 - The slab length L of the graded index slab 
waveguide 301 corresponds to the case where a plurality of incident 
beams is superimposed one on another in (Expression 2) of (1) 
Asymmetrical incidence described in the first embodiment. By 

15 setting the slab length L like this, the first beam 338 incident 
from the first light emitting portion 330 forms an image having 
the same profile as that when the beam is incident in the vicinity 
of the first light receiving portion 334. Likewise, the second 
beam 339 incident from the second light emitting portion 331 forms 

20 an image having the same profile as that when the beam is incident 
in the vicinity of the first light receiving portion 335 . According 
to the self-imaging principle, since a similar phenomenon occurs 
every length of 8Xn 0 XW 0 2 A, by setting the slab length L to an 
integral multiple of 8Xn 0 XW 0 2 A, the length of the graded index 

25 slab waveguide 301 can be adjusted according to use. The detailed 
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mechanism of splitting and the mechanism in which there is no signal 
beam waveform disturbance in the direction of the thickness and 
in the direction of the width even in the case of high-speed 
transmission are similar to those of the first embodiment. 
5 By the above structure, when an external electric signal 

is inputted to the array E/0 converter 332 from the input electric 
line 333, the array E/O converter 332 converts the external electric 
signal into the first beam 338 emitted from the first light emitting 
portion 330 and the second beam 339 emitted from the second light 

10 emitting portion 331. The first beam 338 emitted from the first 
light emitting portion 330 is incident on the graded index slab 
waveguide 301 through the incident surface 302 to be transmitted. 
The first beam 338 forms, according to the self-imaging principle, 
an image having the same profile as that when the beam is incident 

15 in the vicinity of the first light receiving portion 334 . By this, 
the first beam 338 is outputted from the exit surface 303 to the 
first light receiving portion 334. On the other hand, the second 
beam 339 emitted from the second light emitting portion 331 is 
incident on the graded index slab waveguide 301 through the incident 

20 surf ace 302 to be transmitted . The secondbeam 339 forms , according 
to the self-imaging principle, an image having the same profile 
as that when the beam is incident in the vicinity of the second 
light receiving portion 335. By this, the second beam 339 is 
outputted from the exit surface 303 to the first light receiving 

25 portion 335. The first light receiving portion 334 outputs an 
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electric signal corresponding to the received first beam 338 . The 
second light receiving portion 335 outputs an electric signal 
corresponding to the received second beam 339. The outputted 
electric signals are outputted to the outside from the output 
5 electric line 337. As described above, by using the MMI , it is 
unnecessary to provide separate optical waveguides to straightly 
transmit two signal beams , and two signal beams can be independently 
transmitted with one graded index slab waveguide 301. 

FIG. 4 is a perspective view showing the general outline 

10 of an eight-signal straight sheet bus which is an optical device 
according to a modification of the third embodiment of the present 
invention. The schematic structure of the optical device of the 
modification is the same as that of the previously-described 
two-signal straight sheet bus. The optical device of the 

15 modification is provided with a graded index slab waveguide 401, 
an array E/O converter 432, an input electric line (bus) 333, an 
array O/E converter 436 and an output electric line (bus) 337. 
The array E/O converter 432 has generally the same structure as 
the array E/O converter 332 of the two-signal straight sheet bus; 

20 however, it is different in that a light emitting portion group 
44 6 comprising eight light emitting portions is formed instead 
of the first light emitting portion 330 and the second light emitting 
portion 331. Moreover, the array O/E converter 436 has generally 
the same structure as the array O/E converter 336 of the two-signal 

25 straight sheet bus; however, it is different in that a light 



receiving portion group 447 comprising eight light receiving 
portions is formed instead of the first light receiving portion 
334 and the second light receiving portion 335. The positions, 
in the direction of the width, of the light emitting portions 
5 included in the light emitting portion group 446 all correspond 
to those of the light receiving portions included in the light 
receiving portion group 447. 

The light emitting portion group 446 makes a first beam 438 
to an eighth beam 445, which are eight signal beams all having 

10 the same wavelength, independently incident on the graded index 
slab waveguide 401 through an incident surface 402 based on the 
external electric signal inputted from the input electric line 
333. The graded index slab waveguide 401 transmits the first beam 
438 to the eighth beam 445. The first beam 438 to the eighth beam 

15 445 exit from an exit surface 403 and are received by the light 
receiving portions, whose positions in the direction of the width 
are the same, of the light receiving portion group 447 like in 
the case of the graded index slab waveguide 301. The principle 
that eight incident beams independently appear in parallel 

20 positions in the direction of the width at the exit end corresponds 
to the case where a plurality of incident beams is superimposed 
one on another in (Expression 2) of (1) Asymmetrical incidence 
described in the first embodiment. As described above, by using 
the MMI, it is unnecessary to provide separate optical waveguides 

25 to straightly transmit eight signal beams, and eight signal beams 
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can be independently transmitted with one graded index slab 
waveguide 4 01. 

While examples of the two-signal straight sheet bus and the 
eight-signal straight sheet bus are shown in the third embodiment, 
5 generally, an N-signal straight sheet bus (N=l, 2, 3, ...) can 
be similarly designed. In this case, by making a number, N, of 
incident beams incident on given positions of the incident surface 
of the graded index slab waveguide having a slab length L which 
is substantially an integral multiple of the following expression, 
10 a number, N, of exiting beams can be obtained from positions , whose 
positions in the direction of the width are the same, of the exit 
surface : 

8* 0 ^ 0 2 
X 

( Fourth embodiment ) 

15 FIG. 5 is a perspective view showing the general outline 

of a two-signal cross sheet bus which is an optical device according 
to a fourth embodiment of the present invention . The optical device 
according to the fourth embodiment comprises as a main element 
a graded index slab waveguide 501 that transmits beams . The graded 

20 index slab waveguide 501 is, as shown in FIG. 5, a sheet-form 
multi-mode optical transmission line that extends parallel to the 
x-z plane. The graded index slab waveguide 501 has a distribution 
such that the highest refractive index n max is provided at the center 
in the direction of the thickness and the refractive index does 



not increase with distance from the center. The graded index slab 
waveguide 501 has a uniform refractive index in the direction of 
the width and has no refractive index distribution. The optical 
device according to the fifth embodiment is provided with an array 
5 E/0 converter 532, an input electric line (bus) 333, and an array 
0/E converter 536 and an output electric line (bus) 337. 

The array E/O converter 532 includes a first light emitting 
portion 530 and a second light emitting portion 531. The first 
light emitting portion 530 makes a first beam 538 (wavelength: 

10 X) incident on a given position in the direction of the width on 
the incident surface of the graded index slab waveguide 501. The 
second light emitting portion 531 makes a second beam 539, having 
the same wavelength as the first beam, incident on a given position 
in the direction of the width on the incident surface of the graded 

15 index slab waveguide 501. Moreover, the array E/O converter 532 
is connected to the input electric line (bus) 333. The array E/O 
converter 532 converts external electric signals inputted from 
the input electric line 333 into signal beams emitted from the 
first light emitting portion 530 and the second light emitting 

20 portion 531. 

The array 0/E converter 536 includes a first light receiving 
portion 534 and a second light receiving portion 535. The first 
light receiving portion 534 is disposed in a position symmetrical 
to the second light emitting portion 531 with respect to the center 

25 in the direction of the width on the exit surface of the graded 
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index slab waveguide 501. The second light receiving portion 535 
is disposed in a position symmetrical to the first light emitting 
portion 530 with respect to the center in the direction of the 
width on the exit surface of the graded index slab waveguide 501. 
5 Moreover, the array O/E converter 536 is connected to the output 
electric line (bus) 337. The array O/E converter 536 converts 
signal beams received by the first light receiving portion 534 
and the second light receiving portion 535 into electric signals, 
and outputs the electric signals to the output electric line 337. 

10 The slab length L of the graded index slab waveguide 501 

substantially coincides with 4Xn 0 XW 0 2 A. Here, the effective 
refractive index of the Oth-order mode beam excited in the direction 
of the width is n 0 - The slab length L of the graded index slab 
waveguide 501 corresponds to the case where a plurality of incident 

15 beams is superimposed one on another in (Expression 3), of (1) 
Asymmetrical incidence described in the first embodiment. By 
setting the slab length L like this, the first beam 538 emitted 
from the first light emitting portion 530 and incident through 
an incident surface 502 forms an image having the same profile 

20 as that when the beam is incident in the vicinity of the first 
light receiving portion 534 . Likewise, the second beam 53 9 emitted 
from the second light emitting portion 531 and incident through 
the incident surface 502 forms an image having the same profile 
as that when the beam is incident in the vicinity of the second 

25 light receiving portion 535. According to the self-imaging 
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principle, since a similar phenomenon occurs every length of 8 
Xn 0 XW 0 2 A, by setting the slab length L to an odd multiple of 
4Xn 0 XWo 2 A, the length of the graded index slab waveguide 501 
can be adjusted according to use. The detailed mechanism of 
5 splitting and the mechanism in which there is no signal beam wave form 
disturbance in the direction of the thickness and in the direction 
of the width even in the case of high-speed transmission are similar 
to those of the first embodiment. 

By the above structure, when an external electric signal 

10 is inputted to the array E/O converter 532 from the input electric 
line 333 , the array E/O converter 532 converts the external electric 
signal into the first beam 538 emitted from the first light emitting 
portion 530 and the second beam 539 emitted from the second light 
emitting portion 531. The first beam 538 emitted from the first 

15 light emitting portion 530 is incident on the graded index slab 
waveguide 501 through the incident surface 502 to be transmitted. 
The first beam 538 forms, according to the self-imaging principle, 
an image having the same profile as that when the beam is incident 
in the vicinity of the first light receiving portion 534 . By this, 

20 the first beam 538 exits from the exit surface 503 and is received 
by the first light receiving portion 534. On the other hand, the 
emitted second beam 539 is incident on the graded index slab 
waveguide 501 through the incident surface 502 to be transmitted. 
The second beam 539 forms, according to the self-imaging principle, 

25 an image having the same profile as that when the beam is incident 
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in the vicinity of the second light receiving portion 535. By 
this, the second beam 539 exits from the exit surface 503 and is 
outputted by the first light receiving portion 535. The first 
light receiving portion 534 outputs an electric signal 
5 corresponding to the received first beam 538. The second light 
receiving portion 535 outputs an electric signal corresponding 
to the received second beam 539. The outputted electric signals 
are outputted to the outside from the output electric line 337. 
As described above, by using the MMI , it is unnecessary to provide 

10 separate optical waveguides to transmit two signal beams so as 
to cross each other, and two signal beams can be independently 
transmitted with one graded index slab waveguide 501. 

FIG. 6 is a perspective view showing the general outline 
of an eight-signal cross sheet bus which is an optical device 

15 according to a modification of the fourth embodiment of the present 
invention. The schematic structure of the optical device of the 
modification is the same as that of the previously-described 
two-signal straight sheet bus. The optical device of the 
modification is provided with a graded index slab waveguide 601, 

20 an array E/O converter 632, an input electric line (bus) 333, an 
array O/E converter 636 and an output electric line (bus) 337. 
The array E/O converter 632 has generally the same structure as 
the array E/O converter 532 of the two-signal straight sheet bus; 
however, it is different in that a light emitting portion group 

25 64 6 comprising eight light emitting portions is formed instead 
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of the first light emitting portion 530 and the second light emitting 
portion 531. Moreover, the array O/E converter 636 has generally 
the same structure as the array O/E converter 536 of the two-signal 
straight sheet bus; however, it is different in that a light 
5 receiving portion group 647 comprising eight light receiving 
portions is formed instead of the first light receiving portion 
534 and the second light receiving portion 535 . The light emitting 
portions included in the light emitting portion group 640 are all 
disposed in positions symmetrical to the light receiving portions 

10 included in the light receiving portion group 647 with respect 
to the center in the direction of the width. 

The light emitting portion group 646 makes a first beam 638 
to an eighth beam 645, which are eight signal beams all having 
the same wavelength, independently incident on the graded index 

15 slab waveguide 601 through an incident surface 502 based on, the 
external electric signal inputted from the input electric line 
333. The graded index slab waveguide 601 transmits the first beam 
638 to the eighth beam 645. The first beam 638 to the eighth beam 
645 exit from an exit surface 603 and are outputted from the light 

20 receiving portions, symmetrical with respect to the center in the 
direction of the width, in the light receiving portion group 647 
like in the case of the graded index slab waveguide 501. The 
principle that eight incident beams independently appear in 
parallel positions in the direction of the width at the exit end 

25 corresponds to the case where a plurality of incident beams is 
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superimposed one on another in (Expression 3) of (1) Asymmetrical 
incidence described in the first embodiment. As described above, 
by using the MMI, it is unnecessary to provide separate optical 
waveguides to transmit eight signal beams so as to cross each other, 
5 and eight signal beams can be independently transmitted with one 
graded index slab waveguide 601. 

While examples of the two-signal cross sheet bus and the 
eight-signal cross sheet bus are shown in the third embodiment, 
generally, an N-signal cross sheet bus (N=l, 2, 3, ...) can be 

10 similarly designed. In this case, by making a number, N, of 
incident beams incident on given positions of the incident surface 
of the graded index slab waveguide having a slab length L which 
is substantially an odd multiple of the following expression, a 
number, N, of exiting beams can be obtained from positions the 

15 same as the positions symmetrical with respect to the center, in 
the direction of the width, of the exit surface. 

(Fifth embodiment) 

FIG. 7 is a perspective view showing the general outline 
20 of a two-signal star coupler which is an optical device according 
to a fifth embodiment of the present invention . The optical device 
according to the fifth embodiment comprises as a main element a 
graded index slab waveguide 701 that transmits beams. The graded 
index slab waveguide 701 is, as shown in FIG. 7, a sheet-form 
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multi-mode optical transmission line that extends parallel to the 
x-z plane. The graded index slab waveguide 701 has a distribution 
such that the highest refractive index n max is provided at the center 
in the direction of the thickness and the refractive index does 
5 not increase with distance from the center. The graded index slab 
waveguide 701 has a uniform refractive index in the direction of 
the width and has no refractive index distribution. The optical 
device according to the fifth embodiment is provided with an array 
E/O converter 732, an input electric line (bus) 333, an array O/E 

10 converter 736 and an output electric line (bus) 337. 

The array E/O converter 732 includes a first light emitting 
portion 730 and a second light emitting portion 731. The first 
light emitting portion 730 makes a first beam 738 (wavelength: 
X) incident on a position a predetermined distance away from the 

15 center in the direction of the width on the incident surface of 
the graded index slab waveguide 701. The second light emitting 
portion 731 makes a second beam 739, having the same wavelength 
as the first beam, incident on a position symmetrical to the first 
light emitting portion 703 with respect to the center in the 

20 direction of the width on the incident surface of the graded index 
slab waveguide 701. Moreover, the array E/O converter 732 is 
connected to the input electric line (bus) 333. The array E/O 
converter 732 converts external electric signals inputted from 
the input electric line 333 into signal beams emitted from the 

25 first light emitting portion 730 and the second light emitting 
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portion 731. 

The array O/E converter 736 includes a first light receiving 
portion 734 and a second light receiving portion 735. The first 
light receiving portion 7 34 is disposed in a position whose position 
5 in the direction of the width is the same as that of the first 
light emitting portion 730 on the exit surface of the graded index 
slab waveguide 701. The second light receiving portion 735 is 
disposed in a position whose position in the direction of the width 
is the same as that of the second light emitting portion 731 on 

10 the exit surface of the graded index slab waveguide 701 . Moreover, 
the array O/E converter 736 is connected to the output electric 
line (bus) 337. The array O/E converter 736 converts signal beams 
received by the first light receiving portion 734 and the second 
light receiving portion 735 into electric signals, and outputs 

15 the electric signals to the output electric line 337. 

The slab length L of the graded index slab waveguide 701 
substantially coincides with 2Xn 0 XW 0 2 A. Here, the effective 
refractive index of the Oth-order mode beam excited in the direction 
of the width is n 0 . The slab length L of the graded index slab 

20 waveguide 701 corresponds to the case where a plurality of incident 
beams is superimposed one on another when p=0 and N=2 in 
(Expression 4) of (1) Asymmetrical incidence described in the first 
embodiment. By setting the slab length L like this, the first 
beam 738 emitted from the first light emitting portion 730 and 

25 incident through an incident surface 702 forms two images having 
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the same profile as that when the beam is incident in the vicinity 
of the first light receiving portion 734 and the second light 
receiving portion 735 . Likewise, the second beam 739 emitted from 
the second light emitting portion 731 and incident through the 
incident surface 702 forms two images having the same profile as 
that when the beam is incident in the vicinity of the first light 
receiving portion 734 and the second light receiving portion 735. 
According to the self-imagingprinciple, since a similar phenomenon 
occurs every length of the value of the expression shown below, 
by changing the value of p in (Expression 10) of the slab length 
L, the length of the graded index slab waveguide 701 can be adjusted 
according to use. 



the parentheses positive) 

The detailed mechanism of splitting and the mechanism in 
which there is no signal beam waveform disturbance in the direction 
of the thickness and in the direction of the width even in the 
case of high-speed transmission are similar to those of the first 
embodiment . 

By the above structure, when an external electric signal 
is inputted to the array E/O converter 732 from the input electric 
line 333, the array E/0 converter 732 converts the external electric 
signal into the first beam 738 emitted from the first light emitting 
portion 730 and the second beam 739 emitted from the second light 




(p is an integer that makes the value inside 
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emitting portion 731. The first beam 738 emitted from the first 
light emitting portion 730 is incident on the graded index slab 
waveguide 701 through the incident surface 702 to be transmitted. 
The first beam 538 forms, according to the self-imaging principle, 
5 two images having the same profile as that when the beam is incident 
in the vicinity of the first light receiving portion 734 and the 
second light receiving portion 735. By this, the first beam 738 
exits from the exit surface 703 and is outputted to the first light 
receiving portion 734 and the second light receiving portion 735. 

10 On the other hand, the second beam 739 emitted from the second 
light emitting portion 731 is incident on the graded index slab 
waveguide 701 through the incident surface 702 to be transmitted. 
The second beam 739 forms, according to the self-imaging principle, 
two images having the same profile as that when the beam is incident 

15 in the vicinity of the first light receiving portion 734 and the 
second light receiving portion 735. By this, the second beam 739 
exits from the exit surface 703 and is outputted to the first light 
receiving portion 735. The first light receiving portion 734 
outputs an electric signal corresponding to the received first 

20 beam 738. The second light receiving portion 735 outputs an 
electric signal corresponding to the received second beam 739. 
The outputted electric signals are outputted to the outside from 
the output electric line 337. As described above, by using the 
MMI, a two-signal star coupler can be realized with one graded 

25 index slab waveguide 701. 

123 



While the above two-signal star coupler is an optical device 
that makes two signal beams incident on positions symmetrical in 
the direction of the width and makes the two signal beams exit 
from positions symmetrical in the direction of the width, not less 
than two signal beams may be inputted and outputted. In the case 
of a star coupler that makes a number, N (N is an even number) , 
of signal beams incident on positions symmetrical in the direction 
of the width and makes a number, N, of signal beams exit from 
positions symmetrical in the direction of the width, the slab length 
L of the graded index slab waveguide satisfies the following 
expression : 



the parentheses positive, N EV en = 2, 4, 6, . ..) 

Since p is an integer in the above expression, by changing p, the 
slab length L of the graded index slab waveguide can be adjusted 
to a desired length. In particular, when it is unnecessary to 
adjust the length, by p=0, a graded index slab waveguide with a 
minimum length can be obtained. 

On the other hand, in the case of a star coupler that makes 
a number, N (N is an odd number) , of signal beams incident and 
makes a number, N, of signal beams exit, the slab length L of the 
graded index slab waveguide satisfies the value of the following 
expression : 




(p is an integer that makes the value inside 
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r 



1 




(p is an integer that makes the value inside 



odd J 



the parentheses positive, Nodd^, 5, 7, . ..) 

The above expression is the same in format as that in the case 
of a plurality of signal beams. However, when N is an odd number, 
the positions of the incident and exiting signal beams are not 
symmetrical in the direction of the width. FIG. 19 is a top view 
showing a graded index slab waveguide of a star coupler having 
three input and output beams according to the present invention. 
In FIG. 19, a first beam 1902, a second beam 1903 and a third beam 
1904 all having the same wavelength X are incident on the incident 
surface of a graded index slab waveguide 1901. The first beam 
1902 is incident on a position a distance X away from one surface, 
parallel to the direction of the length, of the graded index slab 
waveguide 1901. The second beam 1903 is incident on a position 
further the distance X away toward the one surface with respect 
to a position a distance 2W/3 (W is the slab width) away from the 
one surface, parallel to the direction of the length, of the graded 
index slab waveguide 1901. The third beam 1904 is incident on 
a position further the distance X away toward the other surface 
with respect to a position the distance 2W/3 (W is the slab width) 
away from the one surface, parallel to the direction of the length, 
of the graded index slab waveguide 1901. 

When the three signal beams having the above incident 
positions are incident through the incident surface and transmitted 
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in a graded index slab waveguide having a slab length L satisfying 
the above-mentioned (Expression 12), the first beam 1902, the 
second beam 1903 and the third beam 1904 form three images having 
the same profile as that when the beams are incident on the following 
5 three positions, respectively: a position the distance X away from 
the other surface, parallel to the direction of the length, of 
the graded index slab waveguide 1901; a position further the 
distance X away toward the other surface with respect to a position 
a distance W/3 (W is the slab width) away from the other surface, 

10 parallel to the direction of the length, of the graded index slab 
waveguide 1901; and a position further the distance X away toward 
the one surface. Therefore, by forming light receiving portions 
in the positions of the images of the signals, the exiting beams 
can be outputted. 

15 While the above example is a case where N=3, when N is an 

odd number mot less than 3, a star coupler can also be structured 
that obtains outputs asymmetrical with respect to the center in 
the direction of the width in accordance with the input of signal 
beams asymmetrical with respect to the direction of the width by 

20 a graded index slab waveguide satisfying (Expression 12). As 
described above, when N is an odd number, a star coupler can also 
be realized by using the self-imaging principle of the MM I . Since 
p is an integer in the above-mentioned (Expression 12) , by changing 
p, the slab length L of the graded index slab waveguide can be 

25 adjusted to a desired length . In particular , when it is unnecessary 
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to adjust the length, by p=0, a graded index slab waveguide with 
a minimum length can be obtained. 
(Sixth embodiment) 

FIG. 8A is a perspective view showing the general outline 
5 of a one side control type optical switch which is an optical device 
according to a sixth embodiment of the present invention. The 
optical device according to the sixth embodiment comprises as main 
elements a first graded index slab partial waveguide 801a and a 
second graded index slab partial waveguide 801b that transmit beams . 

10 The first graded index slab partial waveguide 801a and the second 
graded index slab partial waveguide 801b are both sheet-form 
multi-mode optical transmission lines that extend parallel to the 
x-z plane as shown in FIG. 8A. The first graded index slab partial 
waveguide 801a and the second graded index slab partial waveguide 

15 801b have the same size in the direction of the width. The first 
graded index slab partial waveguide 801a and the second graded 
index slab partial waveguide 801b are disposed so as to be connected 
continuously in the direction of the width. Moreover, the first 
graded index slab partial waveguide 801a and the second graded 

20 index slab partial waveguide 801b are made of a polymer exhibiting 
a predetermined thermooptic effect. 

The first graded index slab partial waveguide 801a has an 
incident position for making an incident beam 804 incident on an 
incident surface 801 and an exit position for making an exiting 

25 beam 809 exit on an exit surface 802. The incident position and 
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the exit position are situated in positions away from the center 
in the direction of the width when the first graded index slab 
partial waveguide 801a and the second graded index slab partial 
waveguide 801b are regarded as one slab waveguide 801, and their 
5 positions in the direction of the width are the same. The second 
graded index slab partial waveguide 801b has an exit position for 
making an exiting beam 808 exit on the exit surface 802. The exit 
position of the second graded index slab partial waveguide 801b 
is situated in a position symmetrical to the exit position of the 

10 first graded index slab partial waveguide 801a with respect to 
the center in the direction of the width when the first graded 
index slab partial waveguide 801a and the second graded index slab 
partial waveguide 801b are regarded as one slab waveguide. 
Moreover, the second graded index slab partial waveguide 801b has 

15 a thermal sheet 805 on the top surface. The thermal sheet 805 
is connected to a temperature controller 807 by a connection line 
806. 

The temperature controller 807 controls the temperature of 
the thermal sheet 805 based on the externally supplied control 

20 signal. Since the temperature of the second graded index slab 
partial waveguide 801b is changed by controlling the temperature 
of the thermal sheet 805, the absolute value of the refractive 
index is changed based on the thermooptic effect. The optical 
device of the sixth embodiment is structured so that when the 

25 temperature controller 807 is OFF, the refractive index 

128 



distributions of the first graded index slab partial waveguide 
801a and the second graded index slab partial waveguide 801b 
coincide with each other. At this time, the first graded index 
slab partial waveguide 8 01a and the second graded index slab partial 
5 waveguide 801b both have a distribution such that the highest 
refractive index n max is provided at the center in the direction 
of the thickness and the refractive index does not increase with 
distance from the center . Moreover, at this time, the first graded 
index slab partial waveguide 801a and the second graded index slab 

10 partial waveguide 801b have a uniform refractive index in the 
direction of the width and have no refractive index distribution. 
The optical device of the sixth embodiment is structured so that 
when the temperature controller 807 is ON, the highest refractive 
index of the first graded index slab partial waveguide 801a is 

15 higher than the absolute value of the highest refractive index 
of the second graded index slab partial waveguide 801b and their 
overall refractive index distributions are different from each 
other . 

The slab lengths L of the first graded index slab partial 
20 waveguide 801a and the second graded index slab partial waveguide 
8 01b substantially coincide with 4 X n 0 XW 0 2 /L Here, the effective 
refractive index of the Oth-order mode beam excited in the direction 
of the width is n 0 . The slab lengths L of the first graded index 
slab partial waveguide 801a and the second graded index slab partial 
25 waveguide 801b correspond to the case where a plurality of incident 
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beams is superimposed one on another in (Expression 3) of (1) 
Asymmetrical incidence described in the first embodiment. 
According to the self -imagingprinciple, since a similar phenomenon 
occurs every length of 8Xn 0 XW 0 2 A, by setting the slab lengths 
5 L to an integral multiple of 4Xn 0 XW 0 2 A, the lengths of the first 
graded index slab partial waveguide 801a and the second graded 
index slab partial waveguide 801b can be adjusted according to 
use . 

Next, the mechanism of the optical switch that changes the 

10 beam path direction by the above-described structure will be 
described. When the temperature controller 807 is OFF, the 
incident beam 804 incident on the incident position of the first 
graded index slab partial waveguide 801a is transmitted with the 
first graded index slab partial waveguide 801a and the second graded 

15 index slab partial waveguide 801b as one slab waveguide since these 
waveguides have the same refractive index distribution. 
Therefore, according to (Expression 4) of (1) Asymmetrical 
incidence described in the first embodiment, an image having the 
same profile as the incident beam is formed in the exit position 

20 whose position in the direction of the width on the exit surface 
803 is symmetrical to the incident position with respect to the 
center. This image exits as the exiting beam 808. 

On the other hand, when the temperature controller 807 is 
ON, since the highest refractive index of the first graded index 

25 slab partial waveguide 801a is higher than the highest refractive 
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index of the second graded index slab partial waveguide 801b, by 
satisfying a predetermined refractive index difference, the second 
graded index slab partial waveguide 801b functions as cladding 
for the first graded index slab partial waveguide 801a . Therefore, 
5 the incident beam 804 incident on the incident position of the 
first graded index slab partial waveguide 801a is trapped in the 
first graded index slab partial waveguide 801a to the exit surface 
803 by the total reflection at the interface between the first 
graded index slab partial waveguide 801a and the second graded 

10 index slab partial waveguide 801b . Consequently, the exiting beam 
808 exits from the exit surface 803. 

As described above, an optical switch capable of changing 
the travel direction of the incident beam 804 can be realized by 
the ON-OFF switching control of the temperature controller 807. 

15 While the optical device of the sixth embodiment is an example 
structured so that the refractive index distributions of the first 
graded index slab partial waveguide 801a and the second graded 
index slab partial waveguide 801b coincide with each other when 
the temperature controller 807 is OFF, it may be structured so 

20 that the refractive index distributions coincide with each other 
when the temperature controller 807 is ON. In this case, when 
the temperature controller 807 is OFF, the highest refractive index 
of the first graded index slab partial waveguide 801a is lower 
than the highest refractive index of the second graded index slab 

25 partial waveguide 801b, and their refractive index distributions 



are different from each other. In a case where the case of this 
structure is adopted, when the temperature controller 807 is ON, 
the exiting beam 808 exits from the second graded index slab partial 
waveguide 801b, and when the temperature controller 807 is OFF, 
5 the exiting beam 809 exits from the first graded index slab partial 
waveguide 801a. 

FIG. 8B is a perspective view showing the general outline 
of a both side control type optical switch which is an optical 
device according to a first modification of the sixth embodiment 
10 of the present invention. Since the schematic structure of the 
first modification of the sixth embodiment is the same as that 
of the previously-described optical device, only different parts 
will be described. The same reference numerals indicate the same 
elements . 

15 In the first modification of the sixth embodiment, the second 

graded index slab partial waveguide 801b has the thermal sheet 
805, and is connected to the temperature controller 807 by the 
connection line 806. The optical device of the first modification 
of the sixth embodiment is structured so that when the temperature 

20 controller 807 is OFF, the refractive index distributions of the 
first graded index slab partial waveguide 801a and the second graded 
index slab partial waveguide 801b coincide with each other and 
that the optical device of the first modification is structured 
so that when the temperature controller 807 is ON, the temperatures 

25 of the first graded index slab partial waveguide 801a and the second 
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graded index slab partial waveguide 801b are controlled in opposite 
phase to increase the highest refractive index of the first graded 
index slab partial waveguide 801a and decrease the highest 
refractive index of the second graded index slab partial waveguide 
5 801b so that their refractive index distributions are different 
from each other. By structuring the optical device like this, 
switching can be performed at a higher speed than in the case of 
the one side control type. In the first modification of the sixth 
embodiment , the optical device may be structured so that when the 

10 temperature controller 807 is ON, the refractive index 
distributions of the first graded index slab partial waveguide 
801a and the second graded index slab partial waveguide 801b 
coincide with each other. In this case, the optical device is 
structured so that when the temperature controller 807 is OFF, 

15 the temperatures of the first graded index slab partial waveguide 
801a and the second graded index slab partial waveguide 801b are 
controlled in opposite phase to increase the highest refractive 
index of the first graded index slab partial waveguide 801a and 
decrease the highest refractive index of the second graded index 

20 slab partial waveguide 801b so that their refractive index 
distributions are different from each other. 

FIG. 20A is a perspective view showing the general outline 
of a one side control type optical switch which is an optical device 
according to a second modification of the sixth embodiment of the 

25 present invention. Since the schematic structure of the second 
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modification of the sixth embodiment is the same as that of the 
previously-described optical device of the sixth embodiment, only 
different parts will be described. The same reference numerals 
indicate the same elements. 
5 In the second modification of the sixth embodiment, the size, 

in the direction of the width, of a first graded index slab partial 
waveguide 2001a is 1/7" 2 times that when the first graded index 
slab partial waveguide 2001a and a second graded index slab partial 
waveguide 2001b are regarded as one optical waveguide. Moreover, 

10 in the second modification of the sixth embodiment, the optical 
device is structured so that when the temperature controller 807 
is ON, the highest refractive index of the first graded index slab 
partial waveguide 801a is higher than the highest refractive index 
of the second graded index slab partial waveguide 801b and their 

15 overall refractive index distributions are different from each 
other. By structuring the optical device like this, when the 
temperature controller 807 is ON, the first graded index slab 
partial waveguide 2001a according to the second modification of 
the sixth embodiment functions as a graded index slab waveguide 

20 whose size in the direction of the width is 1/7^2 W, and the size 
of the basic mode is also 2 W 0 . When the slab length L of the 

first graded index slab partial waveguide 2001a substantially 
coincides with 4Xn 0 XW 0 2 A, the condition is satisfied for the 
exiting beam 809 to form an image having the same profile as the 

25 incident beam 804 in the exit position whose position in the 
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direction of the width is the same as the incident position on 
the exit surface 2003 . Consequently, the optical device according 
to the second modification of the sixth embodiment is capable of 
generating an exiting beam having the same profile as the incident 
5 beam based on the self-imaging principle of the multi-mode 
interference even when the temperature controller 807 is ON. 

While the optical device according to the secondmodif ication 
of the sixth embodiment is an example structured so that the 
refractive index distributions of the first graded index slab 

10 partial waveguide 2001a and the second graded index slab partial 
waveguide 2001b coincide with each other when the temperature 
controller 807 is OFF, it is to be noted that the optical device 
may be structured so that the refractive index distributions 
coincide with each other when the temperature controller 807 is 

15 ON. In a case where the case of this structure is adopted, when 
the temperature controller 807 is ON, the exiting beam 808 exits 
from the second graded index slab partial waveguide 2001b, and 
when the temperature controller 807 is OFF, the exiting beam 809 
exits from the first graded index slab partial waveguide 2001a. 

20 FIG. 20B is a perspective view showing the general outline 

of a both side control type optical switch which is an optical 
device according to a third modification of the sixth embodiment 
of the present invention. The second modification of the sixth 
embodiment is an optical device comprising a combination of the 

25 previously-described first modification and second modification 
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of the sixth embodiment. The same reference numerals indicate 
the same elements. 

In the optical device according to the third modification 
of the sixth embodiment, the size, in the direction of the width, 
5 of the first graded index slab partial waveguide 2001a is 1/ 
V" 2 times that when the first graded index slab partial waveguide 
2001a and the second graded index slab partial waveguide 2001b 
are regarded as one optical waveguide, and the second graded index 
slab partial waveguide 2001b is also connected to the temperature 

10 controller 807 by the connection line 806. By this structure, 
ON-OFF switching control based on the signal from the temperature 
controller 807 can be performed at high speed, and an exiting beam 
generated by the self-imaging principle of the multi-mode 
interference can be obtained in both the ON state and the OFF state . 

15 While examples in which refractive index control is performed 

by using a polymer with a high thermooptic effect are shown in 
all the descriptions of the sixth embodiment, any method that 
independently changes the refractive indices of the first and 
second graded index slab partial waveguides such as the 

20 electrooptic effect may be used. 
( Seventh embodiment ) 

FIG. 9 is a perspective view showing the general outline 
of an optical switch array which is an optical integrated device 
according to a seventh embodiment of the present invention. The 
25 optical switch array of the seventh embodiment is provided with 
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a laminated optical switch group 901 in which eight optical switches 
that are described in the first modification of the sixth embodiment 
(FIG. 8B) are laminated in the direction of the thickness of the 
graded index slab waveguide 801. In each of the optical switches 
5 included in the laminated optical switch group 901, the part 
corresponding to the first graded index slab partial waveguide 
801a described in the sixth embodiment is disposed on the lower 
side in the figure. The optical integrated device according to 
the seventh embodiment includes a first array O/E converter 905, 

10 a second array O/E converter 906, a first output electric line 
(bus) 907 and a second output electric line (bus) 908. 

The first array O/E converter 905 has a first light receiving 
portion group 903 comprising eight light receiving portions 
provided so as to be opposed to exit portions corresponding to 

15 the first graded index slab partial waveguides 801a of the optical 
switches . Moreover, the first array O/E converter 905 is connected 
to the first output signal line 908 . The second array O/E converter 
906 has a second light receiving portion group 904 comprising eight 
light receiving portions provided so as to be opposed to exit 

20 portions corresponding to the second graded index slab partial 
waveguides 801b of the optical switches. Moreover, the second 
array O/E converter 906 is connected to the second output signal 
line 908. In this example, the optical device is structured so 
that when the temperature controller is ON, the exiting beam exits 

25 from the side of the first graded index slab partial waveguide 
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and when the temperature controller is ON, the exiting beam exits 
from the side of the first graded index slab partial waveguide. 

In the above structure, an array incident beam 902 is made 
incident on the parts (lower side in the figure) corresponding 
5 to the first graded index slab partial waveguides of the optical 
switches included in the laminated optical switch 901, and is 
transmitted in the direction of the length. The optical switches 
independently perform switching based on the control of the 
temperature controller described in the sixth embodiment. When 

10 the temperature controller is ON, the exiting beams from the optical 
switches are incident on the light receiving portions included 
in the first light receiving portion group 903 of the first array 
O/E converter 905. Moreover, when the temperature controller is 
OFF, the exiting beams from the optical switches are incident on 

15 the light receiving portions included in the second light receiving 
portion group 904 of the second array O/E converter 906. 

The first array O/E converter 905 and the second array O/E 
converter 906 assign a 1 signal when the exiting beams are made 
to exit to the light receiving portions, and assign a 0 signal 

20 when the exiting beams are not made to exit to the light receiving 
portions. The signal assigned in the first array O/E converter 
905 is outputted as an output signal to the outside by the first 
output electric line 907. The signal assigned in the second array 
O/E converter 906 is outputted as an output signal to the outside 

25 by the second output electric line 908. As described above, by 
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assigning signals, 8-digit digital signals and their inverted 
signals can be parallelly transmitted. 

As the array incident beam 902, a beam emitted from an array 
light emitting device may be made directly incident or a beam from 
5 an external light source may be made incident by an optical 
transmission line disposed on the incident side of an optical fiber 
or the like. Moreover, the array incident beam may be generated 
by, for example, an optical device that splits one beam into eight 
beams. Moreover, a heatproof material or an insulating material 
10 such as air may be provided between the switches of the integrated 
optical switch. 

(Eighth embodiment ) 

FIG. 10 is a perspective view showing the general outline 
of a single-pair two-way straight sheet bus which is an optical 

15 device according to an eighth embodiment of the present invention. 
In the optical device according to the eighth embodiment, one signal 
beam transmission direction of the two-signal straight sheet bus 
described in the third embodiment is reversed to enable two-way 
communication. The optical device according to the eighth 

20 embodiment comprises as a main element the graded index slab 
waveguide 1000. The graded index slab waveguide 1001 is, as shown 
in FIG. 10, a sheet-form multi-mode optical transmission line that 
extends parallel to the x-z plane . The graded index slab waveguide 
1001 has a distribution such that the highest refractive index 

25 n max is provided at the center in the direction of the thickness 
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and the refractive index does not increase with distance from the 
center. The graded index slab waveguide 1001 has a uniform 
refractive index in the direction of the width and has no refractive 
index distribution. The optical device according to the eighth 
5 embodiment is provided with a first E/O converter 1006, a second 
E/O converter 1009, a first O/E converter 1007, a second O/E 
converter 1008, a first input electric line (bus) 1010, a second 
input electric line (bus) 1011, a first output electric line (bus) 
1012 and a second output electric line (bus) 1013. 

10 The first E/O converter 1006 includes a first light emitting 

portion 1014. The second E/O converter 1009 includes a second 
light emitting portion 1015. The first light emitting portion 
1014 makes a second beam 1019 (wavelength: X) incident on a given 
position in the direction of the width on a first surface 1002 

15 of the graded index slab waveguide 1001 . The second light emitting 
portion 1015 makes a first beam 1018 having the same wavelength 
as the second beam 1019 incident on a given position in the direction 
of the width on a second surface 1003 of the graded index slab 
waveguide 1001. The first E/O converter 1006 is connected to the 

20 first input electric line (bus) 1010. The first E/O converter 
1006 converts an external electric signal inputted from the first 
input electric line (bus) 1010 into a signal beam emitted from 
the first light emitting portion 1014. The second E/O converter 
1009 is connected to the second input electric line (bus) 1011. 

25 The second E/O converter 1009 converts an external electric signal 



inputted from the second input electric line (bus) 1011 into a 
signal beam emitted from the second light emitting portion 1015. 

The first O/E converter 1007 includes a first light receiving 
portion 1016. The second O/E converter 1008 includes a second 
light receiving portion 1017. The first light receiving portion 
1016 is disposed in a position whose position in the direction 
of the width is the same as that of the second light emitting portion 
1015 on the first surface 1002 of the graded index slab waveguide 
1001 , and receives the secondbeam 1019 (wavelength : X) . The second 
light receiving portion 1017 receives the first beam 1018 having 
the same wavelength as the second beam 1019 in a position whose 
position in the direction of the width is the same as that of the 
first light emitting portion 1014 on the second surface 1003 of 
the graded index slab waveguide 1001. The first O/E converter 

1007 is connected to the first output electric line (bus) 1012. 
The first O/E converter 1007 converts the received signal beam 
into an external electric signal outputted to the outside by the 
first output electric line (bus) 1010. The second O/E converter 

1008 is connected to the second output electric line (bus) 1013. 
The second O/E converter 1008 converts the received signal beam 
into an external electric signal outputted to the outside by the 
second output electric line (bus) 1013. 

The slab length L of the graded index slab waveguide 1001 
substantially coincides with 8Xn 0 XW 0 2 A. Here, the effective 
refractive index of the Oth-order mode beam excited in the direction 



of the width is n 0 . The slab length L of the graded index slab 
waveguide 1001 corresponds to the case where a plurality of incident 
beams is superimposed one on another in (Expression 2) of (1) 
Asymmetrical incidence described in the first embodiment. By 
5 setting the slab length L like this, the first beam 1018 incident 
from the first light emitting portion 1014 forms an image having 
the same profile as that when the beam is incident in the vicinity 
of the second light receiving portion 1017. Likewise, the second 
beam 1019 incident from the second light emitting portion 1015 

10 forms an image having the same profile as that when the beam is 
incident in the vicinity of the first light receiving portion 1016 . 
According to the self-imagingprinciple, since a similar phenomenon 
occurs every length of 8Xn 0 Xw 0 2 A, by setting the slab length 
L to an integral multiple of 8Xn 0 XW 0 2 A, the length of the graded 

15 index slab waveguide 1001 can be adjusted according to use. The 
detailed mechanism of splitting and the mechanism in which there 
is no signal beam waveform disturbance in the direction of the 
thickness and in the direction of the width even in the case of 
high-speed transmission are similar to those of the first 

2 0 embodiment . 

By the above structure, when an external electric signal 
is inputted to the first E/O converter 1006 from the first input 
electric line 1010, the first E/O converter 1006 converts the 
external electric signal into the first beam 1018 emitted from 

25 the first light emitting portion 1014 . Moreover, when an external 
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signal is inputted to the second E/0 converter 1009 from the second 
input electric line 1011, the second E/O converter 1009 converts 
the external electric signal into the second beam 1019 emitted 
from the second light emitting portion 1015. 
5 The first beam 1018 emitted from the first light emitting 

portion 1014 is incident on the graded index slab waveguide 1001 
through the incident surface 1002 to be transmitted. The first 
beam 1018 forms, according to the self-imaging principle, an image 
having the same profile as that when the beam is incident in the 

10 vicinity of the second light receiving portion 1017. By this, 
the first beam 1014 is outputted from the second surface 1003 to 
the second light receiving portion 1017. The second light 
receiving portion 1017 outputs an electric signal corresponding 
to the received first beam 1018. The outputted electric signal 

15 is outputted to the outside from the second output electric line 
1013. On the other hand, the second beam 1019 emitted from the 
second light emitting portion 1015 is incident on the graded index 
slab waveguide 1001 through the second surface 1003 to be 
transmitted. The second beam 1019 forms, according to the 

20 self-imaging principle, an image having the same profile as that 
when the beamis incident in the vicinity of the first light receiving 
portion 1016. By this, the second beam 1019 is outputted from 
the first surface 1002 to the first light receiving portion 1016. 
The first light receiving portion 1016 outputs an electric signal 

25 corresponding to the received second beam 1019. The first light 
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receiving portion 1016 outputs an electric signal corresponding 
to the received second beam 1019. The outputted electric signals 
are outputted to the outside from the first output electric line 
1012 . As described above, since the MMI is reversible irrespective 
5 of the beam transmission direction, the MMI can be used in both 
directions. Consequently, it is unnecessary to provide separate 
optical waveguides to straightly transmit two signal beams in both 
directions, so that two signal beams can be independently 
transmitted in both directions with one graded index slab waveguide 
10 1001. 

FIG. 11 is a perspective view showing the general outline 
of a four-pair two-way straight sheet bus which is an optical device 
according to a modification of the eighth embodiment of the present 
invention. The schematic structure of the optical device of the 

15 modification is the same as that of the previously-described 
single-pair two-way straight sheet bus. The optical device of 
the modification is provided with a graded index slab waveguide 
1101, a first array E/O converter 1106, a second array E/0 converter 
1109, a first array O/E converter 1107 , a second array O/E converter 

20 1108, a first input electric line (bus) 1010, a second input electric 
line (bus) 1011, a first output electric line (bus) 1012 and a 
second output electric line (bus) 1013. 

While the first array E/0 converter 1106 has substantially 
the same structure as the first E/O converter 100 6 of the single-pair 

25 two-way straight sheet bus, it is different in that a first light 
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emittingportion group 1114 comprising four light emitting portions 
is formed instead of the first light emitting portion 1014 . While 
the second array E/O converter 1109 has substantially the same 
structure as the second E/O converter 1009 of the single-pair 
5 two-way straight sheet bus, it is different in that a second light 
emittingportiongroup 1115 comprising four light emittingportions 
is formed instead of the second light emitting portion 1015 . While 
the first array O/E converter 1107 has substantially the same 
structure as the first O/E converter 1007 of the single-pair two-way 

10 straight sheet bus, it is different in that a first light receiving 
portion group 1116 comprising four light receiving portions is 
formed instead of the first light receiving portion 1016. While 
the second array O/E converter 1108 has substantially the same 
structure as the second O/E converter 1008 of the single-pair 

15 two-way straight sheet bus, it is different in that a second light 
receiving portion group 1117 comprising four light receiving 
portions is formed instead of the second light receiving portion 
1017. The positions, in the direction of the width, of the light 
emitting portions included in the first light emitting portion 

20 group 1114 all correspond to those of the light receiving portions 
included in the second light receiving portion group 1117. The 
positions, in the direction of the width, of the light emitting 
portions included in the second light emitting portion group 1115 
all correspond to those of the light receiving portions included 

25 in the first light receiving portion group 1116. 
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The first light emitting portion group 1114 makes a first 
beam 1121 to a fourth beam 1124, which are four signal beams all 
having the same wavelength, independently incident on the graded 
index slab waveguide 1121 through a first surface 1102 based on 
5 the external electric signal inputted from the first input electric 
line 1010. The graded index slab waveguide 1101 transmits the 
first beam 1121 to the fourth beam 1124. The first beam 1121 to 
the fourth beam 112 4 exit from a second surface 110 3 and are received 
by the light receiving portions, whose positions in the direction 

10 of the width are the same, of the second light receiving portion 
group 1117 like in the case of the graded index slab waveguide 
1001. The received signals are outputted to the outside by the 
second output electric line 1013. 

The second light emitting portion group 1115 makes a fifth 

15 beam 1125 to an eighth beam 1128, which are four signal beams all 
having the same wavelength, independently incident on the graded 
index slab waveguide 1101 through the second surface 1103 based 
on the external electric signal inputted from the second input 
electric line 1011 . The graded index slab waveguide 1101 transmits 

20 the fifth beam 1125 to the eighth beam 1128. The fifth beam 1125 
to the eighth beam 1128 exit from the first surface 1102 and are 
received by the light receiving portions, whose positions in the 
direction of the width are the same, of the first light receiving 
portion group 1116 like in the case of the graded index slab waveguide 

25 1001. The received signals are outputted to the outside by the 
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first output electric line 1011. 

The principle that four incident beams independently appear 
in parallel positions in the direction of the width corresponds 
to the case where a plurality of incident beams is superimposed 
one on another in (Expression 2) of (1) Asymmetrical incidence 
described in the first embodiment. As described above, by using 
the MMI, it is unnecessary to provide separate optical waveguides 
to straightly transmit four pairs of signal beams in both directions , 
and four pair of signal beams can be independently transmitted 
with one graded index slab waveguide 1101. 

While the eighth embodiment shows examples of the single-pair 
two-way straight sheet bus and the four-pair two-way straight sheet 
bus, generally, NXM-signal straight sheet bus (N, M=l, 2, 3, . . . ) 
can be designed in like manner. In this case, by making a number, 
N, of incident beams incident on given positions on a first surface 
and making a number, M, of incident beams incident from given 
positions on a second surface in a graded index slab waveguide 
having a slab length L which is substantially an integral multiple 
of the following expression, a number, N, of exiting beams can 
be obtained from positions, whose positions in the direction of 
the width are the same, of the second surface and a number, M, 
of exiting beams can be obtained from positions, whose positions 
in the direction of the width are the same, of the first surface. 



(Ninth embodiment) 

FIG. 12 is a perspective view showing the general outline 
of a single-pair two-way cross sheet bus which is an optical device 
of a ninth embodiment of the present invention. In the optical 
5 device according to the ninth embodiment, one signal beam 
transmission direction of the two-signal cross sheet bus described 
in the fourth embodiment is reversed to enable two-way 
communication- The optical device according to the ninth 
embodiment comprises as a main element a graded index slab waveguide 

10 1201. The graded index slab waveguide 1201 is, as shown in FIG . 12, 
a sheet-form multi-mode optical transmission line that extends 
parallel to the x-z plane. The graded index slab waveguide 1201 
has a distribution such that the highest refractive index n max is 
provided at the center in the direction of the thickness and the 

15 refractive index does not increase with distance from the center. 
The graded index slab waveguide 1201 has a uniform refractive index 
in the direction of the width and has no refractive index 
distribution. The optical device according to the ninth 
embodiment is provided with a first E/O converter 1206, a second 

20 E/O converter 1209, a first O/E converter 1207, a second O/E 
converter 1208, a first input electric line (bus) 1010, a second 
input electric line (bus) 1011, a first output electric line (bus) 
1012 and a second output electric line (bus) 1013. 

The first E/O converter 1206 includes a first light emitting 

25 portion 1214. The second E/O converter 1209 includes a second 
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light emitting portion 1215. The first light emitting portion 
1214 makes a first beam 1218 (wavelength: X) incident on a given 
position in the direction of the width on a first surface 1202 
of the graded index slab waveguide 1201 . The second light emitting 
5 portion 1215 makes a second beam 1219 having the same wavelength 
as the first beam 1218 incident on a given position in the direction 
of the width on a second surface 1203 of the graded index slab 
waveguide 1201. The first E/O converter 1206 is connected to the 
first input electric line (bus) 1010. The first E/O converter 

10 1206 converts an external electric signal inputted to the first 
input electric line (bus) 1010 into a signal beam emitted from 
the first light emitting portion 1214. The second E/O converter 
1209 is connected to the second input electric line (bus) 1013. 
The second E/O converter 1209 converts an external electric signal 

15 inputted from the second input electric line (bus) 1013 into a 
signal beam emitted from the second light emitting portion 1215. 

The first O/E converter 1207 includes a first light receiving 
portion 1216. The second O/E converter 1208 includes a second 
light receiving portion 1217. The first light receiving portion 

20 1216 is disposed in a position whose position in the direction 
of the width is symmetrical to the second light emitting portion 
1015 with respect to the center on the first surface 1202 of the 
graded index slab waveguide 1201, and receives the second beam 
1219 (wavelength: X) . The second light receiving portion 1217 

25 receives the first beam 1218 having the same wavelength as the 
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second beam 1219 in a position whose position in the direction 
of the width is symmetrical to the first light emitting portion 
1214 with respect to the center on the second surface 1203 of the 
graded index slab waveguide 1201. The first O/E converter 1207 
5 is connected to the first output electric line (bus) 1012. The 
first O/E converter 1207 converts the received signal beam into 
an external electric signal outputted to the outside by the first 
output electric line (bus) 1012. The second O/E converter 1208 
is connected to the second output electric line (bus) 1011. The 
10 second O/E converter 1208 converts the received signal beam into 
an external electric signal outputted to the outside by the second 
output electric line (bus) 1011. 

The slab length L of the graded index slab waveguide 1201 

substantially coincides with 4Xn 0 XW 0 2 A- Here, the effective 
15 refractive index of the Oth-order mode beam excited in the direction 
of the width is no. The slab length L of the graded index slab 
waveguide 1201 corresponds to the case where a plurality of incident 
beams is superimposed one on another in (Expression 3) of (1) 
Asymmetrical incidence described in the first embodiment. By 
20 setting the slab length L like this, the first beam 1218 incident 
from the first light emitting portion 1214 forms an image having 
the same profile as that when the beam is incident in the vicinity 
of the second light receiving portion 1217. Likewise, the second 
beam 1219 incident from the second light emitting portion 1215 
25 forms an image having the same profile as that when the beam is 
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incident in the vicinity of the first light receiving portion 1216 . 
According to the self -imaging principle, since a similar phenomenon 
occurs every length of 8Xn 0 Xw 0 2 A, by setting the slab length 
L to an integral multiple of 4Xn 0 XW 0 2 A/ the length of the graded 
5 index slab waveguide 1201 can be adjusted according to use. The 
detailed mechanism of splitting and the mechanism in which there 
is no signal beam waveform disturbance in the direction of the 
thickness and in the direction of the width even in the case of 
high-speed transmission are similar to those of the first 

10 embodiment . 

By the above structure, when an external electric signal 
is inputted to the first E/0 converter 1206 from the first input 
electric line 1010, the first E/O converter 1206 converts the 
external electric signal into the first beam 1218 emitted from 

15 the first light emitting portion 1214 . Moreover, when an external 
signal is inputted to the second E/O converter 1209 from the second 
input electric line 1013, the second E/O converter 1209 converts 
the external electric signal into the second beam 1219 emitted 
from the second light emitting portion 1215. 

20 The first beam 1218 emitted from the first light emitting 

portion 1214 is incident on the graded index slab waveguide 1201 
through the first surface 1202 to be transmitted. The first beam 
1218 forms, according to the self-imaging principle, an image 
having the same profile as that when the beam is incident in the 

25 vicinity of the second light receiving portion 1217. By this, 



the first beam 1218 is outputted from the second surface 1203 to 
the second light receiving portion 1217 , and is outputted to the 
outside from the second output electric line 1011. On the other 
hand, the second beam 1219 emitted from the second light emitting 
5 portion 1215 is incident on the graded index slab waveguide 1201 
through the second surface 1203 to be transmitted. The second 
beam 1219 forms, according to the self-imaging principle, an image 
having the same profile as that when the beam is incident in the 
vicinity of the first light receiving portion 1216. By this, the 

10 second beam 1219 is outputted from the first surface 1202 to the 
first light receiving portion 1216. The first light receiving 
portion 1216 outputs an electric signal corresponding to the 
received second beam 1219 . The first light receiving portion 1216 
outputs an electric signal corresponding to the received second 

15 beam 1219. The outputted electric signals are outputted to the 
outside from the first output electric line 1012. As described 
above, since the MM I is reversible irrespective of the beam 
transmission direction, the MMI can be used in both directions. 
Consequently, it is unnecessary to provide separate optical 

20 waveguides to transmit two signal beams so as to cross each other 
in both directions, so that two signal beams can be independently 
transmitted in both directions with one graded index slab waveguide 
1201. 

While the ninth embodiment shows an example of the 
25 single-pair two-way straight sheet bus, generally, NXM-signal 
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cross sheet bus (N, M=l, 2, 3, . . . ) can be designed in like manner. 
In this case, by making a number, N, of incident beams incident 
on given positions on a first surface and making a number, M, of 
incident beams incident from given positions on a second surface 
5 in a graded index slab waveguide having a slab length L which is 
substantially an oddmultiple of the following expression, a number, 
N, of exiting beams can be obtained from positions, symmetrical 
with respect to the center in the direction of the width, of the 
second surface and a number, M, of exiting beams can be obtained 
10 from positions, symmetrical with respect to the center in the 
direction of the width, of the first surface. 

X 

(Tenth embodiment) 

FIG. 13 is a schematic diagram of the structure of a 
15 single-pair two-way straight sheet bus array which is an optical 
integrated device according to a tenth embodiment of the present 
invention. The optical integrated device of the tenth embodiment 
comprises as a main element a laminated two-way straight sheet 
bus 1301 in which eight single-pair two-way straight sheet buses 
20 of the eighth embodiment are laminated in the direction of the 
thickness as shown in FIG. 13. The optical integrated device of 
the tenth embodiment is provided with the laminated two-way 
straight sheet bus 1301, a first array E/O converter 1302, a first 
array O/E converter 1303, a second array E/O converter 1305, a 
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second array O/E converter 1304, a first input electric line (bus) 
1306, a second input electric line (bus) 1308, a first output 
electric line (bus) 1307 and a second output electric line (bus) 
1309. 

5 In the first array E/O converter 1302, eight light emitting 

portions disposed on one end surface (left side of the figure) 
of the two-way straight sheet buses are formed into an array. In 
the first array O/E converter 1303, eight light receiving portions 
disposed on one end surface (left side of the figure) of the two-way 

10 straight sheet buses are formed into an array. The first array 
E/O converter 1302 and the first array O/E converter 1303 are 
disposed so as to adjoin each other. In the second array E/O 
converter 1305, eight light emitting portions disposed on the other 
end surface (right side of the figure) of the two-way straight 

15 sheet buses are formed into an array. In the second array O/E 
converter 1304, eight light receiving portions disposed on one 
end surface (right and left side of the figure) of the two-way 
straight sheet buses are formed into an array. The second array 
E/O converter 1305 and the second array O/E converter 1304 are 

20 disposed so as to adjoin each other. The light emitting portions 
of the first array E/O converter 1302 and the light receiving 
portions of the second array O/E converter 1304 are disposed so 
as to be opposed to each other with the two-way straight sheet 
buses in between. The light emitting portions of the second array 

25 E/O converter 1305 and the light receiving portions of the second 
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array 0/E converter 1303 are disposed so as to be opposed to each 
other with the two-way straight sheet buses in between. The first 
array E/O converter 1302 is connected to the first input electric 
line 1306. The second array E/O converter 1305 is connected to 
5 the second input electric line 1308 . The first array O/E converter 
1303 is connected to the first output electric line 1307. The 
second array O/E converter 1304 is connected to the second output 
electric line 1309. 

In the above structure, electric signals inputted from the 

10 first input electric line 1306 are converted into signal beams 
by the first array E/O converter 1302 . The converted signal beams 
are emitted from the light emitting portions and incident on the 
two-way straight sheet buses as incident beams . On the other hand, 
electric signals inputted from the second input electric line 1308 

15 are converted into signal beams by the second array E/O converter 
1305. The converted signal beams are emitted from the light 
emitting portions and incident on the two-way straight sheet buses 
as incident beams. The signal beams are transmitted and form, 
according to the self-imaging principle, images having the same 

20 profiles as the incident beams in the vicinity of the light receiving 
portions. The images are made to exit to the light receiving 
portions of the two-way straight sheet buses. The first array 
O/E converter 1303 having received the exiting beams by the light 
receivingportions converts the exiting beams intoelectric signals 

25 and outputs them to the first output electric line 1307 . The second 
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array 0/E converter 1304 having received the exiting beams by the 
light receiving portions converts the exiting beams into electric 
signals and outputs them to the second output electric line 1309. 
In this manner, two-way straight sheet buses are realized with 
5 a simple structure. 

While the tenth embodiment discloses a laminated two-way 
straight sheet bus in which the included straight sheet buses are 
all single-pair two-way straight sheet buses, thepresent invention 
is not limited thereto . For example, the single-pair two-way cross 

10 sheet buses of the ninth embodiment may be laminated. Moreover, 
the optical integrated device of the tenth embodiment may be a 
two-way optical bus array in which two kinds of the single-pair 
straight sheet bus according to the eighth embodiment and the 
single-pair two-way cross sheet bus according to the ninth 

15 embodiment are laminated, or may be a composite optical bus array 
in which a plurality of kinds of optical buses selected from among 
the two-way sheet buses according to the eighth embodiment and 
the ninth embodiment and the optical sheet bus according to the 
third embodiment and the fourth embodiment are laminated. 

20 (Eleventh embodiment) 

FIG. 14 is a schematic diagram of the structure of a 
multi-layer optical bus which is an optical integrated device 
according to an eleventh embodiment of the present invention. In 
the optical integrateddevice according to the eleventh embodiment, 

25 graded index slab waveguides whose sizes in the direction of the 
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length are different are laminated in the direction of the thickness . 
As the graded index slab waveguides to be laminated, any of the 
single-layer graded index slab waveguides such as the ones of the 
first to fifth, eighth andninth embodiments may be used. According 
5 to the self -imaging principle of the mult i -mode interference, since 
a similar effect occurs every predetermined period, graded index 
slab waveguides having different lengths may be used even in the 
case of the same kind of optical devices. For example, in the 
optical integrated device described in FIG. 14, straight sheet 

10 buses using graded index slab waveguides are laminated. In the 
optical integrated device, the incident surfaces are aligned, and 
the lengths, in the direction of the width, of a first graded index 
slab waveguide 1401, a second graded index slab waveguide 1402 
and a third graded index slab waveguide 1403 are Li=8 n 0 W 0 2 A, L 2 =16 

15 noW 0 2 /A. and Li=32 n 0 W 0 2 /X, respectively. By structuring the optical 
integrated device like this, the profiles of the exiting beams 
from the graded index slab waveguides whose sizes in the direction 
of the length are different can be made the same. 

In actuality, the distances between apparatuses, substrates 

20 or chips mounted on a substrate are not the same. Therefore, in 
actuality, optical sheet buses corresponding to the various lengths 
are necessary. By laminating optical sheet buses of different 
lengths into one device like the eleventh embodiment, optical 
transmission from a substrate to a plurality of substrates at 

25 different distances is enabled. At this time, an end surface 140 
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comprising the aligned end surfaces of the multi-layer optical 
bus is connected to the substrate, and as the input and output 
to the side where the end surfaces are aligned, for example, a 
1XN optical splitter (an NXl optical combiner) according to the 
5 first embodiment may be used. 

(Twelfth embodiment ) 

FIG. 21A is a perspective view showing the general outline 
of a graded index slab waveguide 2101 of an optical device that 
performs beam demultiplexing according to a twelfth embodiment 

10 of the present invention. FIG. 21B is a cross-sectional view of 
the graded index slab waveguide 2101 of the optical device that 
performs beam demultiplexing according to the twelfth embodiment 
of the present invention. FIG. 22A is a result of a BPM (beam 
propagation method) simulation performed when a signal beam of 

15 1.30 }ira is transmitted through the graded index slab waveguide 
2101. FIG. 22B is a result of a BPM simulation performed when 
a signal beam of 1.55 [im is transmitted through the graded index 
slab waveguide 2101. 

The optical device according to the twelfth embodiment 

20 comprises as a main element the graded index slab waveguide 2101 
that transmits beams. The graded index slab waveguide 2101 is, 
as shown in FIG. 21A, a sheet-f ormmulti-mode optical transmission 
line that extends parallel to the x-z plane. The graded index 
slab waveguide 2101 has a refractive index distribution in the 

25 direction of the thickness such that the highest refractive index 
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n ma x is provided at the central position in the direction of the 
thickness and the refractive index does not increase with distance 
from the center . The graded index slab waveguide 2101 has a uniform 
refractive index in the direction of the width and has no refractive 
5 index distribution . The graded index slab waveguide 2101 includes 
an incident surface 2102 and an exit surface 2103. 

The incident surface 2102 is opposed to an incident portion 
(not shown) that makes a multiplex incident beam 2107 comprising 
multiplexed beams of two different wavelengths (a wavelength 

10 1.30 p and a wavelength 1.55 nm) incident on a position a 
predetermined distance away from the center in the direction of 
the width. The exit surface 2103 is opposed to an exit portion 
(not shown) that receives two exiting beams 2108 and 2109 of 
different wavelengths that exit from positions symmetrical to each 

15 other with respect to the center in the direction of the width. 
The incident portion makes the multiplex incident beam 2107 
incident on a position a predetermined distance away from the center, 
in the direction of the width, of the incident surface 2102. The 
multiplex incident beam 2107 is transmitted inside the graded index 

20 slab waveguide 101. Inside the graded index slab waveguide 2101, 
the multiplex incident beam 2107 is demultiplexed into two beams 
in accordance with the wavelength according to the self-imaging 
principle of the multi-mode interference described later, exits 
as the two exiting beams 2108 and 2109 having different wavelengths 

25 (a wavelength 1.30 ^im and a wavelength 1.55 pm) from positions 
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away from each other in the direction of the width of the exit 
surface 2103, and reaches the exit portion. The slab length L 
of the graded index slab waveguide 2101 is an optical path length 
where the phase difference between the light quantity movement 
5 of the wavelength 1.30 nm and the light quantity movement of the 
wavelength 1.55 ^im is opposite phase (that is, an integral multiple 

Of 7C ) . 

The refractive index distribution, in the direction of the 
thickness, of the graded index slab waveguide 2101 is expressed, 

10 for example, by the maximum point n ma x of the refractive index which 
point is situated at the center in the direction of the thickness, 
the distance r from the maximum point in the direction of the 
thickness and the refractive index distribution constant A 1/2 as 
shown by the previously-mentioned (Expression 1) . 

15 The refractive index distribution constant is optimized 

according to the film thickness of the graded index slab waveguide 
2101 and the profile of the multiplex incident beam 2107 so that 
the beam transmitted in the graded index slab waveguide 2101 does 
not spread outside the film thickness . For example, when the spread 

20 angle of the multiplex incident beam 2107 is large compared to 
the film thickness of the graded index slab waveguide 2101, the 
refractive index distribution constant is increased. Conversely, 
when the spread angle of the multiplex incident beam 2107 is small, 
the refractive index distribution constant is decreased. 

25 Moreover, by adjusting the film thickness of the graded index slab 
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waveguide 2101 in accordance with the beam diameter of the multiplex 
incident beam 2107 , the coupling loss can be reduced. The 
refractive index distribution is not necessarily a continuous 
change as shown in (Expression 1) ; it may stepwisely change as 
5 a function of the distance from the center. 

Next, a mechanism will be described of, when the multiplex 
incident beam 2107 incident on a position a predetermined distance 
away from the center in the direction of the width is incident 
on the incident surface 2102 of the graded index slab waveguide 

10 2101, demultiplexing the incident beam into two beams in accordance 
with the wavelength symmetrically with respect to the central line 
in the direction of the width on the side of the exit surface 2103. 
Description will be separately given for (i) the case of a beam 
transmitted within the central plane in the direction of the 

15 thickness (signal beam transmitted on the optical path designated 
A in FIG. 21B; and (ii) a beam not transmitted within the central 
plane in the direction of the thickness. As the beam of (ii) not 
transmitted within the central plane in the direction of the 
thickness, the following two signal beams are present: the case 

20 of an incident beam that is incident with an axis shift angle on 
the central plane (signal beam transmitted on the optical path 
designated B in FIG . 21B) and the case of an incident beam that 
is incident on a position position-shifted (axis-shifted) from 
the central plane (signal beam transmitted on the optical path 

25 designated C in FIG. 21B) . The beam of (i) transmitted within 
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the central plane in the direction of the thickness is not affected 
by the refractive index distribution in the direction of the 
thickness. On the other hand, the beam of (ii) not transmitted 
within the central plane in the direction of the thickness is 
5 affected by the refractive index distribution in the direction 
of the thickness. 

In the graded index slab waveguide2101 , the behavior of the 
beam of (i) transmitted within the central plane in the direction 
of the thickness which behavior is affected substantially only 

10 by the effective refractive index n 0 is equivalent to that in a 
case where the uniform refractive index is the effective refractive 
index n 0 in the slab waveguide described in Document (11) - 
Therefore, the condition of the exiting beams with respect to the 
multiplex incident beam 2107 transmitted within the central plane, 

15 in the direction of the thickness, of the graded index slab waveguide 
2101 varies according to the slab length L by the multi-mode mode 
dispersion excited in the direction of the width of the slab 
waveguide whose refractive index is n 0 and uniform. Here, that 
the condition of the exiting beams varies means that the number 

20 and exit positions of images the same as the incident beam vary. 
In the case of the graded index slab waveguide 2101 according to 
the twelfth embodiment, by the slab length L being the optical 
path length where the phase difference between the light quantity 
movement of the wavelength 1.30 |im and the light quantity movement 

25 of the wavelength 1.55 jam is opposite phase (that is, an integral 
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multiple of n) r two images the same as the multiplex incident 
beam 2107 having different wavelengths are formed on the exit 
surface 2103 so as to be symmetrical with respect to the center 
in the direction of the width. 
5 The BPM simulation of FIG. 22A shows the behavior of the 

beam of the wavelength 1.30 nm. Of the multiplex incident beam 
2107, the signal beam component corresponding to the wavelength 
1.30 |jm is developed into the Oth-order mode (basicmode) intrinsic 
to the graded index slab waveguide 2101 and the primary mode. The 

10 mode dispersion is different between the Oth-order mode and the 
primary mode. In other words, the propagation constant of the 
Oth-order mode and the propagation constant of the primary mode 
are different from each other. Therefore, a mode interference 
occurs between the Oth-order mode and the primary mode. By this 

15 mode interference, as shown in FIG. 22A, the signal beam component 
corresponding to the wavelength 1.30 jim is transmitted in one 
direction in the direction of the length (the direction from the 
left to the right in the figure) while alternately moving in the 
direction of the width in the graded index slab waveguide 2101. 

20 On the other hand, the BPM simulation of FIG. 22B shows the 

behavior of the beam of the wavelength 1.55 jim. Of the multiplex 
incident beam 2107, the signal beam component corresponding to 
the wavelength 1.55 p is also developed into the Oth-order mode 
(basic mode) intrinsic to the graded index slab waveguide 2101 

25 and the primary mode. Therefore, a mode interference occurs 
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between the Oth-order mode and the primary mode like the case of 
the signal beam component of the wavelength 1 . 30 urn. By this mode 
interference, as shown in FIG. 22B, the signal beam component 
corresponding to the wavelength 1.55 nm is transmitted in one 
5 direction in the direction of the length (the direction from the 
left to the right in the figure) while alternately moving in the 
direction of the width in the graded index slab waveguide 2101. 

The signal beam component of the wavelength 1.30 jim is 
different from the signal beam component of the wavelength 1.55 jim 

10 in signal beam component and wavelength dispersion . That is, since 
the signal beam component of the wavelength 1.30 jam and the signal 
beam component of the wavelength 1.55 jam are different from each 
other in the propagation constant of each mode, these beams exhibit 
different behaviors when transmitted through the graded index slab 

15 waveguide 2101 . Using this characteristic, in the optical device 
according to the twelfth embodiment, the slab length L of the graded 
index slab waveguide 2101 is set to a value where the phase difference 
between the light quantity movement of the signal beam of the 
wavelength 1.30 and the light quantity movement of the signal 

20 beam of the wavelength 1.55 ^m is opposite phase (that is, an 
integral multiple of n ) . By structuring the optical device like 
this, according to the self-imaging principle of the multi-mode 
interference, an image having the same profile as the incident 
beam of the signal component of the wavelength 1.30 jim and an image 

25 having the same profile as the incident beam of the signal component 
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of the wavelength 1.55 jam can be formed in different positions. 
Then, the two images formed in different positions are made to 
exit as theexitingbeam2108 and the exiting beam2109, respectively, 
whereby beam demultiplexing is achieved. 
5 On the other hand, the beam of (ii) not transmitted within 

the central plane in the direction of the thickness propagates 
along the central plane while meandering in the direction of the 
thickness as shown in FIG. 21B, because it is affected by the 
refractive index distribution in the direction of the thickness. 

10 That is, since the beam traveling in a direction away from the 
central plane always travels from a part where the refractive index 
is relatively high to a part where the refractive index is relatively 
low, as the beam travels, the angle between the direction of travel 
and the direction of the thickness gradually increases, andbecomes 

15 90° at the position farthest from the central axis. Moreover, 
since the beam traveling in a direction toward the central plane 
always travels from a part where the refractive index is relatively 
low to a part where the refractive index is relatively high, as 
the beam travels, the angle between the direction of travel and 

20 the direction of the thickness gradually decreases, and becomes 
smallest at the position intersecting the central plane. Since 
the refractive index that affects the beam of (ii) not transmitted 
within the central plane in the direction of the thickness is always 
lower than the refractive index n 0 although it makes the beammeander , 

25 the speed of the beam of (ii) is higher than that of the beam of 
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(i) transmitted within the central axis in the direction of the 
thickness . 

When the refractive index distribution is the refractive 
index distribution of the quadratic function shown in the 
5 previously-shown (Expression 1), the component of the 
transmission speed, parallel to the central plane, of the beam 
of (ii) not transmitted within the central plane in the direction 
of the thickness is equal to the transmission speed of the beam 
of (i) transmitted within the central plane in the direction of 

10 the thickness. This means that there is no mode dispersion in 
the direction of the thickness. Therefore, the component, 
parallel to the central plane of the beam of (ii) not transmitted 
within the central plane in the direction of the thickness 
(component, in a direction vertical to the direction of the 

15 thickness, of a meandering beam) of the incident beam is 
demultiplexed into two beams symmetrically with respect to the 
center in the direction of the width at the exit surface like the 
beam of (i) transmitted within the central plane in the direction 
of the thickness. 

20 Since the component, vertical to the central plane of the 

beam of (ii) not transmitted within the central plane in the 
direction of the thickness (component in the direction of the 
thickness of a meandering beam) of the incident beam changes 
according to the propagation position of the meandering beam, the 

25 condition of the exiting beam cannot be determined. However, the 



component in the direction of the thickness of the meandering beam 
is not affected by a signal waveform disturbance due to the mode 
dispersion, because the mode dispersion in the direction of the 
thickness does not occur. For this reason, the component behaves 
5 equivalently to that in the case where there is no influence of 
the mode dispersion also in the direction of the width . Therefore, 
the two exiting beams have the same images as the signal beam 
components corresponding to the wavelengths of the multiplex 
incident beam. From the above result, the beam of (ii) not 

10 transmitted within the central plane in the direction of the 
thickness (meandering beam) is demultiplexed into two beams as 
the same image as the incident beam symmetrically with respect 
to the center in the direction of the width according to the slab 
waveguide configuration like in the case of (i) . 

15 As described above, since the incident beam is equally 

demultiplexed into two beams with respect to all the eigenmodes 
in the direction of the thickness of the graded index slab waveguide 
2101, an optical device can be obtained that functions, if the 
multiplex incident beam is incident on a position a predetermined 

20 distance away from the center, in the direction of the width, of 
the incident surface, as a device demultiplexing the incident beam 
into two beams even when the incident beam is position-shifted 
from the center in the direction of the thickness or has a large 
spread angle. Since the position shift, from the center in the 

25 direction of the width, of the incident beam is a cause of an 
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imbalance in the demultiplexing ratio between the exiting beams , 
when it is intended to obtain equal exiting beams, it is preferable 
that the position shift be minimized. However, it is possible 
to adjust the intensity ratio between the signal beams by actively 
5 using the position shift . 

When the position where opposite phase occurs between the 
two wavelengths is determined, either of the following methods 
may be adopted: determining the position from the position, in 
the direction of the width, where the ratio between the light 

10 quantities of the two exiting beams is highest; and determining 
the position from the position, in the direction of the width, 
where the light quantities of the two exiting beams are smallest. 
When the former method is adopted, the exiting beam loss can be 
reduced, and the efficiency of use of the transmitted signal beams 

15 can be improved. When the latter method is adopted, since the 
error component included in the exiting beams can be reduced, the 
transmission error can be reduced. 

While the first to twelfth embodiments show examples of 
vertical incidence and exit on and from the end surfaces as the 

20 methodof input and output to and from the graded index slab waveguide, 
the present invention is not limited thereto. FIG. 15A is a 
perspective view showing an example of the incidence and exit method 
of the graded index slab waveguide. FIG. 15B is a perspective 
view showing another example of the incidence and exit method of 

25 the graded index slab waveguide. FIG. 16 is a perspective view 
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showing still another example of the incident and exit method of 
the graded index slab waveguide . For example, a reflection method 
(FIG. 15A) may be adopted in which a reflecting surface 1502 and 
a reflecting surface 1503 are formed by inclining the incident 
5 and exit end surfaces of the graded index slab waveguide 45° and 
the incident and exiting beams incident from a direction vertical 
to the direction of the thickness are reflected by the reflecting 
surface 1502 and the reflecting surface 1503 to thereby bend the 
optical path 90°. Moreover, a coupler method (FIG. 16) may be 

10 adopted in which a prism 1602 is disposed in the vicinity of the 
incident and exiting end surfaces of the graded index slab waveguide 
so as to be adjacent to the surface in the direction of the thickness 
and beams incident and exiting on and from the prism 1602 are coupled 
to the optical bus. Moreover, a diffraction optical element such 

15 as a diffraction grating may be used instead of the prism 1602. 
Moreover, when the substrate used is an electric-optical hybrid 
substrate formed by sandwiching a graded index slab waveguide 
between the electric substrates 1503, as shown in FIG . 15B, a graded 
index slab waveguide where reflecting surfaces are formed by 

20 inclining the incident and exit end surfaces 45° is used, and through 
holes 1504 that pass a vertical incident beam therethrough are 
formed in parts of the electric substrate that are made to be 
reflecting surfaces by being inclined 45° . 

Moreover, while the sheet-form graded index slab waveguide 

25 is on a single plane in the first to twelfth embodiments, the present 
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invention is not limited thereto. FIG. 17A is a perspective view 
showing an example of the configuration of the graded index slab 
waveguide, and FIG. 17B is a perspective view showing another 
example of the configuration of the graded index slab waveguide. 
5 As shown in FIG. 17A, a graded index slab waveguide 1701 may be 
curved (FIG. 17A) so that the central position in the direction 
of the thickness always draws the same curve on given two different 
cross sections including the direction of the length and the 
direction of the thickness. Moreover, a graded index slab 

10 waveguide 1702 may be twisted (FIG. 17B) so that the central 
position in the direction of the thickness draws different curves 
on given two different cross sections including the direction of 
the length and the direction of the thickness. This is because 
while in typical slab waveguides where the refractive index is 

15 uniform in the direction of the thickness, the influence of the 
dispersion and the loss due to a change in incident angle when 
the beam is reflected at the interface by the curve or the twist 
cannot be avoided, in the case of a slab having a refractive index 
having the maximum value at the center in the direction of the 

20 thickness, the beam does not reach the interface of the slab and 
propagates irrespective of the condition of the interface of the 
slab . 

While the input and exiting beams are limited to multi-mode 
beams in the above description, the use of single-mode beams is 
25 not a problem when the coupling loss is not a problem. 
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(Thirteenth embodiment ) 

FIG. 23 is a schematic diagram of the structure of an optical 
device which is a 1X2 optical splitter according to a thirteenth 
embodiment of the present invention. As shown in FIG. 23, the 
optical device according to the thirteenth embodiment comprises 
as main elements a first graded index slab waveguide 2301, a second 
graded index slab waveguide 2302 and a third graded index slab 
waveguide 2303. 

The first to third graded index slab waveguides 2301 to 2303 
are each a sheet-form multi-mode optical transmission line that 
extends parallel to the x-z plane. The first to third graded index 
slab waveguides 2301 to 2303 have a refractive index distribution 
in the direction of the thickness such that the highest refractive 
index n max is provided at the central position in the direction 
of the thickness and the refractive index does not increase with 
distance from the center. The first to third graded index slab 
waveguides 2301 to 2303 have a uniform refractive index in the 
direction of the width and have no refractive index distribution. 

The first graded index slab waveguide 2301 is the same as 
the graded index slab waveguide described in the case of the 
splitting into two beams according to the fist embodiment. That' 
is, the slab length Li of the first graded index slab waveguide 
2301 is a function of the basic mode width Wo in the direction 
of the width, the effective refractive index n 0 of the Oth-order 
mode beam excited in the direction of the width and the wavelength 



X of the incident beam, and is approximately n 0 XW 0 2 /(2X) . 

The second graded index slab waveguide 2302 and the third 
graded index slab waveguide 2302 are the same as the cross sheet 
bus according to the fourth embodiment. That is, the slab lengths 
5 L 2 of the second graded index slab waveguide 2301 and the third 
graded index slab waveguide 2303 are a function of the basic mode 
width W 0 in the direction of the width, the effective refractive 
index n 0 of the Oth-order mode beam excited in the direction of 
the width and the wavelength X of the incident beam, and are both 

10 approximately 4Xn 0 XW 0 2 /L 

The optical device according to the thirteenth embodiment 
makes an incident beam incident on a central position, in the 
direction of the width, of the incident surface of the first graded 
index slab waveguide 2 301 from a non-illustrated incident portion . 

15 The first graded index slab waveguide 2301 transmits the incident 
beam that is incident on the center, in the direction of the width, 
of the incident surface, and generates two exiting beams that are 
symmetrical with respect to the center, in the direction of the 
width, of the exit surface according to the self -imaging principle . 

20 Of the exiting beams having exited from the first graded 

index slab waveguide 2 301 , one exiting beam is incident on a position 
a predetermined distance away from the center, in the direction 
of the width, of the incident surface of the second graded index 
slab waveguide 2302. The second graded index slab waveguide 2302 

25 transmits the incident beam that is incident, and generates an 

/ 
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exiting beam in a position, of the exit surface, that is symmetrical 
to the incident beam with respect to the center in the direction 
of the width according to the self-imaging principle. 

Of the exiting beams having exited from the first graded 
5 index slab waveguide 2301, the other exiting beam is incident on 
a position a predetermined distance away from the center, in the 
direction of the width, of the incident surface of the third graded 
index slab waveguide 2303. The third graded index slab waveguide 
2303 transmits the incident beam that is incident, and generates 

10 an exiting beam in a position, of the exit surface, that is 
symmetrical to the incident beam with respect to the center. in 
the direction of the width according to the self -imaging principle . 

Here, the width of the basic mode of the first graded index 
slab waveguide 2301 is W 0 , the predetermined distance from the 

15 center in the direction of the width to the incident position of 
the incident beam on the incident surface of the second graded 
index slab waveguide 2302 is xl, and the predetermined distance 
from the center in the direction of the width to the incident position 
of the incident beam on the incident surface of the third graded 

20 index slab waveguide 2303 is x2 . In this case, the separation 
width dl on the exit surface of the first graded index slab waveguide 
2301 is equal to dl=W 0 /2 according to the self -imaging principle. 
However, the separation width d2 between the exiting beams having 
exited from the second graded index slab waveguide 2302 and the 

25 third graded index slab waveguide 2303 is equal to d2=W 0 /2+2X 
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xl+2Xx2 and is largely increased. 

As described above, in the optical device according to the 
thirteenth embodiment, the separation width can be increased 
without the basic mode width W 0 being changed. For example, when 
5 the splitting into two beams is structured only with the first 
graded index slab waveguide 2301, the separation width after the 
beam is split into two beams is Wo/2, and when an optical fiber 
with a diameter of 125 is connected, it is necessary that the 
basic mode width W 0 be not less than 250 jim. In this case, the 
10 length of the first graded index slab waveguide 2301 is not less 
than L=35, 000 jim, and size increase cannot be avoided. Further, 
when a plastic optical fiber with a diameter of 200 to 1.000 jim 
is connected, L>100.000 jam (L is proportional to the square of 
W 0 ) . 

15 On the other hand, when the second graded index slab waveguide 

2302 and the third graded index slab waveguide 2303 are used, the 
movement amounts of the two exiting beams are 2Xxl+2Xx2. The 
values of xl and x2 can be increased to the half breadth of the 
second graded index slab waveguide 2302 and the third graded index 

20 slab waveguide 2303. Therefore, the slab length L can be made 
smaller than that when it is intended to obtain an equal separation 
width by using only the first graded index slab waveguide 2301. 
As described above, even when the first graded index slab waveguide 
2301 is an optical splitter with a small separation width, the 

25 separation width can be easily increased by connecting the second 
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and third graded index slab waveguides. 

FIG. 24 is a top view showing a relevant part of an optical 
device for increasing the distance between three or more signal 
beams according to a first modification of the thirteenth 
5 embodiment of the present invention. The optical device according 
to the first modification of the thirteenth embodiment comprises, 
as shown in FIG. 24, a plurality of graded index slab waveguides 
disposed in the direction of the width. The graded index slab 
waveguides are each the same as the graded index slab waveguide 
10 described in the case of the cross sheet bus according to the fourth 
embodiment . 

The optical device according to the first modification of 
the thirteenth embodiment comprises as main elements, a (k-l)-th 
graded index slab waveguide 2401 which is the ( k-1 ) -th graded index 

15 slab waveguide from the top of the figure in the direction of the 
width, a k-th graded index slab waveguide 2402 which is the k-th 
graded index slab waveguide from the top of the figure in the 
direction of the width and a (k+l)-th graded index slab waveguide 
2403 which is the (k+l)-th graded index slab waveguide from the 

20 top of the figure in the direction of the width. 

In the optical device according to the first modification 
of the thirteenth embodiment, to increase the distance between 
three or more signal beams, transmission is performed by 
appropriately combining the following two patterns: 

25 (1) A method in which the relationship between the incident 
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position and the center in the direction of the width is made 
different directions like the adjoining k-th and (k+l)-th graded 
index slab waveguides. In this case, the distance between the 
signal beams can be largely increased. 
5 (2) A method in which the relationship between the incident 

position and the center in the direction of the width is made the 
same direction so that the distance between the incident position 
and the center, in the direction of the width, of the k-th graded 
index slab waveguide having the incident position closer to the 

10 center of the overall optical device is made smaller than the 
distance between the incident position and the center, in the 
direction of the width, of the ( k-1 ) -th graded index slab waveguide 
like the adjoining k-th and (k-1) -th graded index slab waveguides . 

By appropriately combining the methods described in (1) and 

15 (2), the distance between three or more signal beams can be 
increased. 

FIG. 25 is a top view showing a relevant part of an optical 
device for increasing the distance between signal beams according 
to a secondmodif ication of the thirteenth embodiment of the present 

20 invention. As shown in FIG. 24, the optical device according to 
the second modification of the thirteenth embodiment is provided 
with a plurality of graded index slab waveguides disposed so that 
the incident positions are shifted from one another in the direction 
of the length. The graded index slab waveguides are each the same 

25 as the graded index slab waveguide described in the case of the 
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cross sheet bus according to the fourth embodiment. 

In the optical device according to the second modification 
of the thirteenth embodiment, the graded index slab waveguides 
are connected in multiple stages in the direction of the length. 
5 That is, the exiting beam from a graded index slab waveguide 2501 
of the first stage is connected as the incident beam of a graded 
index slab waveguide 2502 of the second stage, and the exiting 
beam from the graded index slab waveguide 2502 of the second stage 
is successively connected as the incident beam of a graded index 

10 slab waveguide 2503 of the n-th stage. At this time, the optical 
device of the second modification of the thirteenth embodiment 
is arranged so that the positions of exit from the gradient index 
slab waveguides are always shifted in the same direction from the 
center in the direction of the width. By this arrangement, the 

15 exiting beam can be moved in the direction of the width. 

While in all of the above-described optical devices, square 
graded index slab waveguides that are independent of each other 
are connected to thereby increase the separation width, the present 
invention is not limited thereto. For example, a graded index 

20 slab waveguide may be manufactured that has a condition where a 
plurality of sheet-form multi-mode waveguides is connected. 
( Fourteenth embodiment ) 

FIG. 26 is a perspective view showing the general outline 
of the structure of an optical device having a beam converter 
25 according to a fourteenth embodiment of the present invention. 
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The optical device according to the fourteenth embodiment is 
provided with a graded index slab waveguide 2610, an incident side 
optical fiber 2620, a first exit side optical fiber 2630, a second 
exit side optical fiber 2635, and an incident side beam converter 
5 2640, a first exit side beam converter 2650 and a second exiting 
beam converter 2655. 

The graded index slab waveguide 2610 has the same structure 
as the graded index slab waveguide 101 constituting the optical 
device of the first embodiment, and has a predetermined slab length 

10 L performing the splitting into two beams. The incident side 
optical fiber 2620, the first exit side optical fiber 2630 and 
the second exit side optical fiber 2635 are all GI (graded index) 
multi-mode optical fibers. The incident side optical fiber 2620, 
the first exit side optical fiber 2630 and the second exit side 

15 optical fiber 2635 all have a refractive index distribution such 
that the highest refractive index is provided at the center and 
the refractive index decreases toward the periphery substantially 
along a quadratic function. 

The incident side beam converter 2 640 is disposed between 

20 the incident surface 2612 of the graded index slab waveguide 2610 
and the exit side end surface 2622 of the incident side optical 
fiber 2 620 . The incident side beam converter 2 64 0 is substantially 
cylindrical, and has a refractive index distribution such that 
the refractive index is the maximum at the central axis of the 

25 cylinder and decreases toward the periphery . The refractive index 
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distribution of the incident side beam converter 2640 is such that 
the refractive index is the maximum at the center and changes toward 
the periphery substantially along the quadratic function. 

The incident side beam converter 2640 has a refractive index 
5 distribution such that the change gradually increases from the 
side of the incident side optical fiber 2620 toward the side of 
the graded index slab waveguide 2 610. The graph in FIG. 26 shows 
the refractive index distribution of the incident side optical 
fiber 2620 side end surface 2641 of the incident side beam converter 

10 2640 which refractive index is designated A and the refractive 
index distribution of the graded index slab waveguide 2610 side 
end surface 2642 of the incident side beam converter 2640 which 
refractive index distribution is designated B. As is apparent 
from the graph, the refractive index distribution A changes more 

15 gently than the refractive index distribution B. 

The first exit side beam converter 2650 is disposed between 
the exit surface 2613 of the graded index slab waveguide 2610 and 
the incident side end surface of the first exit side optical fiber 
2630 . The second exit side beam converter 2655 is disposed between 

20 the exit surface 2613 of the graded index slab waveguide 2610 and 
the incident side end surface of the second exit side optical fiber 
2635. The first exit side beam converter 2650 and the second exit 
side beam converter 2655 are substantially cylindrical, and have 
a refractive index distribution such that the refractive index 

25 is the maximum at the central axis of the cylinder and decreases 
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toward the periphery. The refractive index distributions of the 
first exit side beam converter 2650 and the second exit side beam 
converter 2655 are such that the refractive index is the maximum 
at the center and changes toward the periphery substantially along 
5 the quadratic function. 

The first exit side beam converter 2650 has a refractive 
index distribution such that the change gradually increases from 
the side of the first exit side optical fiber 2630 toward the side 
of the graded index slab waveguide 2610. The second exit side 

10 beam converter 2655 has a refractive index distribution such that 
the change gradually increases from the side of the second exit 
side optical fiber 2631 toward the side of the graded index slab 
waveguide .2610 . The manner of the change is a reversed one of 
the distribution of the above-described incident side beam 

15 converter 2640. 

By the above structure, the multi-mode signal beam having 
exited from the incident side optical fiber 2620 is incident on 
the incident side beam converter 2640 and transmitted in the 
direction of the length. The incident side beam converter 2640 

20 converts the mode field (beam spot diameter) of the incident side 
optical fiber 2620 into a small mode field (beam spot diameter) 
according to a change, in the direction of the length, of the 
refractive index distribution. The signal beam whose mode field 
has been converted into a small one is incident, as an incident 

25 beam, on the central position in the direction of the width on 
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the incident surface of the graded index slab waveguide 2610. As 
described in the first embodiment, the graded index slab waveguide 
2610 transmits the incident beam in the direction of the length, 
forms two images in the vicinity of the exit surface according 
5 to the self-imaging principle, and emits these images as exiting 
beams . 

The emitted two signal beams are incident on the first exit 
side beam converter 2650 and the second exit side beam converter 
2655, respectively, and transmitted in the direction of the length . 

10 The first exit side beam converter 2650 converts the mode field 
(beam spot diameter) of the graded index slab waveguide 2610 into 
a large mode field (beam spot diameter) according to a change, 
in the direction of the length, of the refractive index distribution . 
The second exit side beam converter 2655 converts the mode field 

15 (beam spot diameter) of the graded index slab waveguide 2610 into 
a large mode field (beam spot diameter) according to a change, 
in the direction of the length, of the refractive index distribution . 
The signal beams whose mode fields have been converted into large 
ones are incident on the first exit side optical fiber 2630 and 

20 the second exit side optical fiber 2635, respectively, and then, 
transmitted. 

As described above, since the optical device according to 
the fourteenth embodiment is provided with the beam converters 
that convert the mode fields of the signal beams that are incident 
25 and exit on and from the graded index slab waveguide, an incident 
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beam having a small mode field can be made incident on the graded 
index slab waveguide 2610. Consequently, according to the 
self-imaging principle, the mode field of the exiting beam can 
be made small . 

5 Conventionally, when an optical fiber where the proportion 

of the core diameter (mode field, beam spot diameter) is large 
with respect to the width of the graded index slab waveguide like 
a POF is connected, according to the self-imaging principle, a 
beam with a large beam spot diameter having the same profile as 

10 the incident beam is outputted on the exit side, so that it is 
difficult to increase the distance between the exiting beams. 
Consequently, the number of splits of the signal beam cannot be 
increased. On the other hand, in the optical device according 
to the fourteenth embodiment, since the mode field of the exiting 

15 beam can be reduced, the number of splits can be easily increased. 

When the mode field of the incidence is reduced, the distance 
between a plurality of exiting beams formed by the splitting is 
also reduced. For this, an optical fiber with a large core diameter 
can be connected to the output side by angling the output side 

20 beam converter so that the output position can be parallelly moved 
or making it S-shaped by gently curving it. While in the 
above-described example, the graded index slab waveguide 2610 is 
for use in the optical device that splits one beam into two beams 
according to the first embodiment , it is to be noted that the straight 

25 sheet bus, the cross sheet bus , the star coupler , the optical switch 
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and the like described in the other embodiments are applicable. 
In this case, the numbers of incident and exit side optical fibers 
and incident and exit side beam converters are adjusted according 
to the number of incident and exiting signal beams. 
5 FIG. 27 is a perspective view showing the general outline 

of the structure of an optical device according to a first 
modification of the fourteenth embodiment of the present invention . 
Since the optical device according to the first modification of 
the fourth embodiment has substantially the same structure as the 

10 optical device of the fourteenth embodiment, only different parts 
will be described. Moreover, the same reference numerals indicate 
the same elements. 

The optical device according to the first modification of 
the fourteenth embodiment is provided with a graded index slab 

15 waveguide 2710 where N=5 in the optical device that splits one 
beam into a number, N, of beams described in the second embodiment . 
The optical device according to the first modification of the 
fourteenth embodiment is provided with an incident side beam 
converter 2740 comprising a graded index waveguide having a 

20 refractive index distribution such that the highest refractive 
index is provided at the center in the direction of the thickness 
and the refractive index decreases substantially along a quadratic 
function only in the direction of the thickness. Moreover, the 
optical device according to the first modification of the 

25 fourteenth embodiment is provided with an exit side beam converter 
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2750 comprising five graded index waveguides each having a 
refractive index distribution such that the highest refractive 
index is provided at the center in the direction of the thickness 
and the refractive index decreases substantially along a quadratic 
5 function only in the direction of the thickness . 

The graded index waveguide of the incident side beam 
converter 2720 has a configuration such that the size in the 
direction of the width decreases from the side of the incident 
optical fiber 2 620 toward the side of the graded index slab waveguide 

10 2710 . The graded index waveguides of the exit side beam converter 
2730 are graded index slab waveguides having a configuration such 
that the size in the direction of the width decreases from the 
side of the exit side optical fibers 2630 to side of the graded 
index slab waveguide 2710 . As described above, even when the graded 

15 index waveguides whose sizes in the direction of the width change 
are used as the beam converters on the incident and exit sides, 
the mode field can be converted. 

FIG. 28A is a top view showing the general outline of the 
structure of an optical device according to a second modification 

20 of the fourteenth embodiment of the present invention. FIG. 28B 
is a cross-sectional view showing an example of an exit side beam 
converter 2850 of the optical device according to the second 
modification of the fourteenth embodiment of the present invention . 
FIG. 28C is a cross-sectional view showing another example of the 

25 exit side beam converter 2850 of the optical device according to 
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the second modif ication of the fourteenth embodiment of the present 
invention. Since the optical device according to the second 
modification of the fourteenth embodiment has substantially the 
same structure as the optical device of the fourteenth embodiment, 
5 only different parts will be described. Moreover, the same 
reference numerals indicate the same elements. 

The optical device according to the second modification of 
the fourteenth embodiment is provided with a graded index slab 
waveguide 2810 where N=4 in the optical device that splits one 

10 beam into a number, N, of beams described in the second embodiment. 
The optical device according to the second modification of the 
fourteenth embodiment is provided with the incident side beam 
converter 2740 described in the first modification. The optical 
device according to the second modification of the fourteenth 

15 embodiment is provided with a discrete exit side beam converter 
2850 that covers all the output side optical fibers 2830. The 
exit side beam converter 2 850 is an optical transmission line having 
a refractive index distribution such that the highest refractive 
index is provided at the center corresponding to the center, in 

20 the direction of the width, of the graded index slab waveguide 
2810 and the refractive index decreases toward the periphery within 
a plane vertical to the direction of the length. The exit side 
beam converter 2850 is either circular or rectangular in cross 
section. FIG. 28B shows the exit side beam converter 2850 which 

25 is circular in cross section, and FIG. 28C shows the exit side 
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beam converter 2850 which is rectangular in cross section. In 
each cross-sectional view, the exit side optical fibers 2830 are 
all disposed within the cross section. As described above, even 
when a discrete optical transmission line having a refractive index 
distribution is used as the beam converter, the mode field can 
be converted. 

It is unnecessary that the structure of the beam converter 
be the same between on the incident and exit sides like the second 
modification, but structures may be appropriately combined. For 
example, it may be performed to apply the structure described in 
the second modification for the incident side beam converter and 
apply the structure described in the first modification for the 
exit side beam converter. 

FIG. 29 is a perspective view showing the general outline 
of the structure of an optical device according to a third 
modification of the fourteenth embodiment of the present invention . 
Since the optical device according to the second modification of 
the fourteenth embodiment has substantially the same structure 
as the optical device according to the first modification of the 
fourteenth embodiment, only different parts will be described. 
Moreover, the same reference numerals indicate the same elements. 

In the optical device according to the third modification 
of the fourteenth embodiment of the present invention, part of 
the clad of each exit side optical fiber 2930 is cut away in the 
direction of the width to thereby reduce the distance between the 
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adjoining optical fibers . As described away, by cutting away part 
of the clad, the amount of deformation, in the direction of the 
width, of the exit side beam converter 2750 can be reduced. 
(Embodiments associated with manufacturing methods) 
5 Hereinafter, methods of manufacturing the sheet-form graded 

index slab waveguides described in the embodiments will be 
described. Examples of the method of manufacturing the graded 
index slab waveguides include the following two: 

A first manufacturing method is a method in which the graded 

10 index slab waveguides are manufactured by laminating ultra-thin 
films having different refractive indices according to the 
refractive index change in the direction of the thickness. 
Concrete examples of the first manufacturing method include a 
method adopting an epoxy, an acrylic, a polycarbonate or a polyimide 

15 resin. Since the refractive index is changed by adjusting the 
amount of addition of fluorine, heavy hydrogen, sulfur or the like 
to these resins, ultra- thin films having various refractive indices 
can be manufactured. 

A second manufacturing method is a method in which the 

20 composition, in the direction of the thickness, of the optical 
transmission line is changed so as to be suited for the refractive 
index distribution in the direction of the thickness. Concrete 
examples of the second manufacturing method include the methods 
shown below. 

25 (1) A method in which ions are implanted into a sheet-form glass 
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material and the distribution of the implanted ions is controlled 
inside the glass to thereby form a refractive index distribution. 

(2) A method in which when a sheet-form polysilane is cured, the 
oxygen concentration is controlled and a distribution is provided 
to the oxygen concentration inside the polysilane to thereby form 
a refractive index distribution. 

(3) A method in which when a sheet-form perf luorinated resin is 
cured, the distributions of high-refractive-index low molecules 
and low-refractive-index monomers are controlled inside the resin 
to thereby provide a refractive index distribution. 

The method (3) in which a refractive index distribution is formed 
inside the perf luorinated resin is applicable to other resins. 

Hereinafter, the method (2) of the second manufacturing 
method in which the graded index slab waveguides are formed by 
use of polysilane will be described in detail . Polysilane is cured 
by ultraviolet exposure or heat treatment. At this time, part 
of the polysilane structure is oxidized into a siloxane structure 
having a lower refractive index when cured. Therefore, the 
refractive index of the cured polysilane can be controlled by 
changing the ratio between the part cured while remaining the 
polysilane structure without being oxidized and the part oxidized 
into a siloxiane structure when cured. For example, when cured 
by ultraviolet irradiation under an environment where oxygen is 
included in the atmosphere, polysilane is cured with the oxygen 
concentration decreasing from the surface irradiated with 
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ultraviolet rays toward the center, so that a refractive index 
distribution structure such that the refractive index decreases 
from the inside where the oxygen concentration is low toward the 
surface where the oxygen concentration is high can be formed. As 
5 described above, by equally irradiating a sheet-form polysilane 
with ultraviolet rays from above and below, a refractive index 
distribution centrosymmetrical in the direction of the thickness 
can be obtained. 

Hereinafter, the method of manufacturing of the graded index 

10 slab waveguide of the optical device will be described. FIG. 30 
is an explanatory view showing an example of the method of 
manufacturing the graded index slab waveguide . In FIG. 30, first, 
a transparent forming die 3002 is prepared that has a concave portion 
3001 having the same depth as the slab thickness D of the graded 

15 index slab waveguide 3010 described in the first embodiment and 
corresponding to the size of the plurality of graded index slab 
waveguides 3010 (first step) . The transparent forming die 3002 
is formed of a material that is transparent with respect to 
ultraviolet rays. Then, a polysilane 3003 is poured into the 

20 concave portion 3001 of the transparent forming die 3002 so as 
substantially not to overflow out of the concave portion 3001 
(second step) . This step is shown in FIG. 30A. 

Then, the polysilane 3003 accumulated in the concave portion 
3001 is irradiated with ultraviolet rays 3004 from above and below 

25 in the direction of the thickness and heated at the same time. 
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This step is shown in FIG. 30B. Then, the polysilane 3003 is cured 
(third step) . This step is shown in FIG. 30B. 

After the polysilane 3003 is cured, cutting into a desired 
shape of the graded index slab waveguide 3010 is performed (fourth 
5 step) . In this manner , a plurality of graded index slab waveguides 
can be manufactured. The transparent forming die 3002 after the 
cutting can be used as a substrate 3005 of the graded index slab 
waveguide 3010 as it is. Needless to say, the substrate 3005 may 
be removed. 

10 The side walls of the concave portion 3002 which are cut 

lastly are not necessarily vertical but may be tapered . Moreover, 
the sections of the graded index slab waveguide 3010 may be optically 
polished. Moreover, when a sheet-form polysilane having a 
predetermined thickness can be formed, the side walls are not always 

15 necessary. 

FIG. 31 is an explanatory view showing another example of 
the method of manufacturing the graded index slab waveguide. In 
FIG. 31, first, a transparent forming die 3102 is prepared that 
has a concave portion 3001 having the same depth as the slab thickness 

20 D of the graded index slab waveguide 3110 described in the first 
embodiment and corresponding to the size of a single graded index 
slab waveguides 3110 (first step) . The transparent forming die 
3102 is formed of a material that is transparent with respect to 
ultraviolet rays. Then, a polysilane 3103 is poured into the 

25 concave portion 3101 of the transparent forming die 3102 so as 
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substantially not to overflow out of the concave portion 3101 
(second step) . This step is shown in FIG. 31A. 

Then, the polysilane 3103 accumulated in the concave portion 
3101 is irradiated with ultraviolet rays 3004 from above and below 
5 in the direction of the thickness and is heated at the same time. 
This step is shown in FIG. 31B. Then, the polysilane 3103 is cured 
(third step) . This step is shown in FIG. 31B. 

After the polysilane 3103 is cured, parts corresponding to 
the incident and exit end surfaces are cut into the shape of the 

10 graded index slab waveguide 3110 (fourth step) . In this manner, 
the graded index slab waveguide can be manufactured. The 
transparent forming die 3102 after the cutting can be used as a 
substrate 3105 of the graded index slab waveguide 3110 as it is. 
Needless to say, the substrate 3005 may be removed. 

15 While the incident and exit end surfaces of the concave 

portion which are cut and deleted lastly are not necessarily 
vertical but may be tapered, it is desirable that the side surfaces 
3106 in the direction of the width be vertical surfaces of not 
more than 10° . Moreover, while the incident and exit surfaces 

20 of the concave portion may be formed only in the vicinity of the 
incident and exit positions as well as being cut and deleted or 
the sections may be optically polished, when the thickness of the 
transparent forming die 3102 in the direction of the beam incident 
and exit surfaces is not more than 10 ^m, the transparent forming 

25 die 3102 itself may be cut or polished into the incident and exit 
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surfaces . 

As described above, by accumulating the resin poured into 
the concave portion provided in the transparent forming die, the 
film thickness can be made arbitrarily thick even in the case of 
5 a resin with a low viscosity. Therefore, an optical transmission 
line in which an optical fiber with a large core diameter can be 
used on the incident and exit sides can be handled. 

FIG. 32 is an explanatory view explaining the mechanism of 
the refractive index distribution using polysilane . As mentioned 

10 previously, polysilane is changed into a siloxane structure 
(FIG. 32 (e) ) having a lower refractive index by the oxidization, 
at the time of curing, that occurs due to ultraviolet exposure 
or heat treatment. For this reason, a refractive index 
distribution can be provided by controlling the ratio between the 

15 polysilane structure (FIG. 32(d)) part that is not oxidized and 
the siloxiane structure part that occurs due to oxidization. As 
is apparent from the figures, polysilane is disposed in an oxygen 
atmosphere (FIG. 32A) and either ultraviolet exposure or heating 
is performed (FIG. 32B) , whereby a mold is obtained in which the 

20 ratio of the polysilane structure is high in the central portion 
where the oxygen concentration is low and the ratio of the siloxane 
structure is high in the surface part where the oxygen concentration 
is high (FIG. 32C) . 

When the film thickness of the polysilane is not more than 

25 50 |im, the oxygen concentration decreases from the surface toward 
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the inside in the polysilane due to the oxygen in the atmosphere. 
For this reason, a refractive index distribution is naturally 
formed such that the refractive index decreases from the inside 
where the oxygen concentration is low toward the surface where 
5 the oxygen concentration is high. Moreover, when the film 
thickness of the polysilane is not less than 50 ym, the refractive 
index distribution at the time of oxidization can be arbitrarily 
controlled by previously diffusing oxygen or an oxide into the 
polysilane before cured in a predetermined distribution in addition 

10 to the oxygen in the atmosphere. 

Moreover, by oxidizing the polysilane symmetrically from 
both surfaces, a refractive index distribution symmetrical with 
respect to the center in the direction of the thickness can be 
formed. However, when ultraviolet rays are applied from the 

15 substrate side in the case of the curing by ultraviolet exposure, 
a material that is transparent with respect to ultraviolet rays, 
for example, quartz or glass such as Pyrex is used, and when 
ultraviolet rays are applied from the substrate side, a material 
that is opaque with respect to ultraviolet rays such as silicon 

20 or resin may be used in addition to glass. 

FIG. 33 is an explanatory view explaining a method of 
manufacturing the optical device according to the first 
modification of the fourteenth embodiment of the present invention . 
Hereinafter, a method of manufacturing the optical device will 

25 be described with the first modification according to the 
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fourteenth embodiment of the present invention as an example. 

In a transparent forming die 3301, a concave portion 3302 
corresponding to the graded index multi-mode waveguide, a concave 
portion 3303 corresponding to the incident side beam converter 
5 and a concave portion 3304 corresponding to the exit side beam 
converter are previously formed. Moreover, in the transparent 
forming die 3301, a V-groove 3305 for positioning an incident side 
optical fiber 3310 and a V-groove 3306 for positioning an exit 
side optical fiber 3311 are formed. A polysilane 3320 is poured 

10 into the concave portions of the transparent forming die 3301. 
After poured, the polysilane 3320 accumulated in the concave 
portions is irradiated with ultraviolet rays from above and below 
and heated at the same time to thereby cure the polysilane 3301. 
Lastly, optical fibers are disposed in the V-groove 3305 and the 

15 V-groove 3306 to manufacture the optical device. 

However, it is desirable that the side walls 3330 that 
determine the direction of the width of the concave portion 3302 

be vertical surfaces of not more than 10° . As described above, 
by accumulating the resin poured into the concave portions provided 

20 in the transparent forming die, the film thickness can be made 
arbitrarily thick even in the case of a resin with a low viscosity. 
Therefore, even a case where an optical fiber with a large core 
diameter is used for optical transmission lines on the incident 
and exit sides can be handled. 

25 While the transparent forming die is used as part of the 
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optical device as the substrate of the graded index slab waveguide 
in the above example, the cured polysilane may be released from 
the forming die. By releasing the polysilane from the forming 
die, the transparent forming die can be reused, so that the 
5 manufacturing cost of the transparent forming die can be reduced. 

FIGs. 34 and 35 are explanatory views explaining another 
example of the method of manufacturing the optical device according 
to the first modification of the fourteenth embodiment of the 
present invention . In FIG. 34, in a transparent forming die 3401 , 

10 a concave portion 3402 corresponding to the graded index multi-mode 
waveguide, a concave portion 3403 corresponding to the incident 
side beam converter and a concave portion 3404 corresponding to 
the exit side beam converter are previously formed. With this 
transparent forming die 3401, a graded index slab waveguide 3410 

15 in which incident and exit side beam converters are integrally 
formed is formed by a previously-described method such as 
ultraviolet exposure. The graded index slab waveguide 3410 is 
released from the transparent forming die 3401 after curing. 

Then, in FIG. 35, an assembly die 3501 is prepared in which 

20 a concave portion 3502 corresponding to the graded index slab 
waveguide 3401, a V-groove 3503 for positioning an incident side 
optical fiber 3520 and a V-groove 3504 for positioning exit side 
optical fibers 3530 are previously formed. By disposing the graded 
index slab waveguide 3401, the incident side optical fiber 3520 

25 and the exit side optical fiber 3530 in the assembly die 3501, 
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the optical device can be manufactured. 

According to this manufacturing method, since the 
transparent forming die used for the forming of the graded index 
slab waveguide 3401 can be reused by releasing the mold from the 
5 die, cost can be reduced. Moreover, since the positioning 
adjustment of the incident and exit side beam converters is 
unnecessary, the productivity at the time of manufacturing can 
be improved. Moreover, since the assembly die 3501 does not require 
ultraviolet exposure in the manufacturing process, the limitation 
10 on the material is small, so that a low-priced die material can 
be selected. Moreover, since the use of the assembly die 3501 
facilitates the position adjustment of the incident and exit side 
optical fibers, the productivity at the time of manufacturing can 
be improved. 

15 While in the exit side beam converters of FIGs. 34 and 35, 

the optical axes of the exit side optical fiber side and the GI 
multi-mode slab waveguide side coincide with each other, the 
present invention is not limited thereto. As described in the 
first modification of the fourteenth embodiment, by setting the 

20 distances between the exit side beam converters so as to gradually 
increase from the graded index slab waveguide toward the exit side 
optical fibers, the configuration of the graded index slab 
waveguide can be reduced. 

It is to be noted that the above-described manufacturing 

25 method is applicable not only to optical devices that split one 
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beam into a number, N, of beams but also to optical devices such 
as the straight sheet bus, the cross sheet bus, the optical switch 
and the star coupler described in the embodiments. 
( Fifteenth embodiment) 
5 FIG. 36A is a perspective view of a multi-mode interference 

1X2 splitter 5100 according to a fifteenth embodiment of the 
present invention. FIG. 36B is a front view of the multi-mode 
interference 1X2 splitter 5100. In FIG. 36A, the coordinate 
system is defined as shown in the figure, the downward direction 
10 of the figure is defined as the y-direction, the rightward direction 
of the figure is defined as the z-direction, and the direction 
vertical to the y-direction and the z-direction is defined as the 
x-direction . 

The multi-mode interference 1X2 splitter 5100 is provided 
15 with a sheet-form optical transmission line 5101, an incident 

portion5104, an exit portion 5105, an exit portion 5106, anelectric 

purpose substrate 5107 and an electric purpose substrate 5108. 

The sheet-form optical transmission line 5101 has a three-layer 

structure in which the electric purpose substrate 5107, the 
20 sheet-form optical transmission line 5101 and the electric purpose . 

substrate 5108 are laminated in this order in the positive direction 

of the y-direction. 

The sheet-form optical transmission line 5101 is a 

two-dimensional optical transmission line whose thickness in the 
25 y-direction (the direction of the thickness) is d and that is 
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parallel to the z-x plane. The sheet-form optical transmission 
line 5101 traps the externally incident signal beam in the 
y-direction and can transmit it in the z-direction (transmission 
direction) . The sheet-form optical transmission line 5101 has 
5 a reflecting surface 5102 and a reflecting surface 5103 at both 
ends in the z-direction. 

The reflecting surface 5102 is formed at one end in the 
z-direction. The reflecting surface 5102 is a reflecting surface 
inclined 45° with respect to the z-x plane so that the signal 

10 beam incident in the positive direction of the y-direction is bent 
in the positive direction of the z-direction. 

The reflecting surface 5103 is formed at the other end in 
the z-direction which end is opposite to the incident side. The 
reflecting surface 5103 is a reflecting surface inclined 45° with 

15 respect to the z-x plane so that the signal beam transmitted in 
the positive direction of the z-direction is bent in the negative 
direction of the y-direction. 

The sheet-form optical transmission line 5101 has a 
refractive index distribution in the y-direction. In the 

20 sheet-form optical transmission line 5101, the highest refractive 
index n max is provided on a surface (hereinafter, referred to as 
a central portion 5101a) parallel to the zx direction and situated 
in a position of d/2 which is half the thickness in the y-direction. 
The sheet-form optical transmission line 5101 has a refractive 

25 index distribution such that with the central portion 5101a as 
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the symmetry plane, the refractive index continuously decreases 
from the central portion 5101a toward the electric purpose 
substrate 5107 and the electric purpose substrate 5108. 

Moreover, in the sheet-form optical transmission line 5101, 
5 the refractive index within a plane parallel to the z-x plane is 
always the same. That is, the sheet-form optical transmission 
line 5101 has a refractive index distribution only in the 
y-direction and has no refractive index distribution in the other 
directions . 

10 The electric purpose substrate 5107 and the electric purpose 

substrate 5108 are flat. The electric purpose substrate 5107 
includes a light emitting element 5110, a light receiving element 
5111 and a light receiving element 5112. 

The light emitting element 5110 is a vertical cavity surface 

15 emitting laser for generating a signal beam. The vertical cavity 
surface emitting laser is disposed so that the laser serving as 
the signal beam is oscillated in the positive direction of the 
y-direction . 

Moreover, the light receiving element 5111 and the light 
20 receiving element 5112 are photodiodes that receive the signal 
beam. The photodiodes are disposed so as to receive the signal 
beam transmitted in the negative direction of the y-direction. 
On the electric purpose substrate 5107 and the electric purpose 
substrate 5108, non-illustrated other electric parts and optical 
25 parts necessary for driving the optical device are mounted. 
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The electric purpose substrate 5107 has a through hole, which 
is a cylindrical through hole, in a position corresponding to the 
light emitting element 5110. Inside the through hole, the 
cylindrical incident portion 5104 is formed. Moreover, the 
5 electric purpose substrate 5107 has a through hole, which is a 
cylindrical through hole, in a position corresponding to the light 
receiving element 5111. 

Inside the through hole, the cylindrical exit portion 5105 
is formed. Likewise, the electric purpose substrate 5107 has a 

10 through hole, which is a cylindrical through hole, in a position 
corresponding to the light receiving element 5112. Inside the 
through hole, the cylindrical exit portion 5106 is formed. 

The incident portion 5104 is made of the same material as 
the material of the sheet-form optical transmission line 5101. 

15 The incident portion 5104 has a refractive index distribution 
axisymmetrical with respect to the central axis of the cylinder, 
and has a refractive index distribution such that the highest 
refractive index n max is provided at the central axis of the cylinder 
and the refractive index does not continuously increase with 

20 distance from the central axis toward the periphery symmetrically 
with respect to the central axis. The length, in the y-direction, 
of the incident portion 5104 is determined so that the signal beam 
is incident on the sheet-form optical transmission line 5101 as 
a parallel beam. 

25 The incident portion 5104, the exit portion 5105 and the 



exit portion 5106 have the same structure. Moreover, the incident 
portion 5104, the exit portion 5105 and the exit portion 5106 are 
all bonded to the sheet-form optical transmission line 5101- The 
incident portion 5104, the exit portion 5105 and the exit portion 
5 5106 are formed in predetermined positions according to a condition 
of the self -imaging principle of the multi-mode interference . The 
condition of the self-imaging principle of the multi-mode 
interference will be described later. 

In the above-described structure, the signal beam oscillated 

10 from the light emitting point of the vertical cavity surface 
emitting laser of the light emitting element 5110 is incident on 
the incident portion 5104 and travels in the positive direction 
of the y-direction. Then, the signal beam is incident on the 
sheet-form optical transmission line 5101 from the incident portion 

15 5104, is bent in the positive direction of the z-direction by the 
reflecting surface 5102, and propagates in the sheet-form 
transmission line 5101. The signal beam is diffused in the 
x-direction and transmitted in multiple modes in the positive 
directionof the z-direction inthe sheet-f ormopt ical transmission 

20 line 5101 . Then, the signal beam is bent in the negative direction 
of the y-direction by the reflecting surface 5103. 

Since the incident portion 5104, the exit portion 5105 and 
the exit portion 5106 are formed in the predetermined positions 
according to the condition of the self-imaging principle of the 

25 multi-mode interference described later, the signal beam is split 
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into two beams of equal energy in the positions of the exit portion 
5105 and the exit portion 5106, and the two beams are incident 
on the exit portion 5105 and the exit portion 5106, respectively. 

The signal beam incident on the exit portion 5105 exits from 
5 the exit portion 5101 and is detected at the light receiving surface 
of the photodiode of the light receiving element 5111. Likewise, 
the signal beam incident on the exit portion 5106 exits from the 
exit portion 5106 and is detected at the light receiving portion 
of the photodiode of the light receiving element 5112. 

10 As described above, the exit portion 5106 has the same 

structure as the exit portion 5105, and is disposed in the 
predetermined position according to the condition of the 
self -imaging principle of the multi-mode interference. For this 
reason, the exit portion 5106 is equivalent to the exit portion 

15 5105, and has the same optical property. Therefore, the 
description given below is based on only the exit portion 5105, 
and the description of the exit portion 5106 is omitted because 
it is the same as that of the exit portion 5105. 

The optical axes, of the signal beam transmitted inside, 

20 of the incident portion 5104, the exit portion 5105 and the exit 
portion 5106 are all parallel to the y-direction, and orthogonal 
to the z-direction which is the signal beam transmission direction 
of the sheet-form optical transmission line 5101 . Therefore, the 
incident portion 5104, the exit portion 5105 and the exit portion 

25 5106 are all nonparallel incident portions. 
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FIG. 37 is a cross-sectional view of a part, where the signal 
beam is transmitted, of the multi-mode interference 1X2 splitter 
5100 according to the fifteenth embodiment of the present invention . 
FIG. 2 is a cross-sectional view in which the D-H side of the cross 
5 section, taken on a plane including the C-D-G-H plane in FIG. 36A, 
of the sheet-form optical transmission line 5101 and the incident 
portion 5104 and the E-I side of the cross section, taken on a 
plane including the E-F-I-J plane in FIG. 36A, of the sheet-form 
optical transmission line 5101 and the exit portion 5105 are 

10 connected together. 

Here, the plane including the C-D-G-H plane is a plane 
parallel to the y-z plane and including the central axis of the 
incident portion 5104 . Moreover, the plane including the E-F-I-J 
is a plane parallel to the y-z plane and including the central 

15 axis of the exit portion 5106. 

In FIG. 37, the same elements are denoted by the same 
reference numerals as those of FIG. 36. In FIG. 37, the light 
emitting point of the light emitting element 5110 is a light emitting 
point 5110a, and the light receiving point on the light receiving 

20 surface of the light receiving element 5111 is a light receiving 
point 5111a. 

In the multi-mode interference 1X2 splitter 5100 according 
to the fifteenth embodiment, the signal beam is transmitted only 
in the positive direction of the y-direction in the sheet-form 
25 optical transmission line 5101. For this reason, when the phase 
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condition in the signal beam transmission direction is discussed, 
it is unnecessary to consider the signal beam diffusion in the 
x-direction. This is because the signal beam diffusion in the 
x-direction which is caused by a change in the signal beam intensity 
5 distribution due to the multi-mode interference involves no energy 
propagation, and is always in phase in the x-direction of the signal 
beam. 

Therefore, in FIG. 37, when the phase condition in the 
transmission direction is discussed, the D-E-H-I plane parallel 

10 to the x-y plane in FIG. 36 may be ignored, and the optical path 
described in a medium in which the D-H side of the C-D-G-H plane 
and the E-I side of the E-F-I-J plane of FIG. 37 are connected 
together is equivalent to the optical path of the signal beam. 
As described above, it is assumed that when the term optical path 

15 or optical path length is used, the diffusion in the x-direction 
is ignored in the embodiments described below. 

In FIG. 37, the signal beam oscillated from the light 
emitting point 5110a which signal beam is a divergent beam includes 
light beams that travel along various optical paths . Of the signal 

20 beam oscillated from the light emitting point 5110a, particularly, 
two optical paths A and B incident on the farthest positions from 
the optical axis of the signal beam will be examined. The optical 
path A is symmetrical to the optical path B with respect to the 
optical axis of the signal beam incident on the incident portion 

25 5104. In FIG. 37, the optical path A is shown by solid lines, 
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and the optical path B is shown by dotted lines. 

In FIG. 37, the signal beam oscillated from the light 
emitting point 5110a in the positive direction of the y-direction 
is incident on the incident portion 5104 as a divergent beam. The 
5 incident portion 5104 has a refractive index distribution such 
that the refractive index does not continuously increase with 
distance from the central axis to the periphery symmetrically with 
respect to the central axis as mentioned above. For this reason, 
of the signal beam incident on the incident portion 5104, light 

10 beams incident on the incident portion 5104 at angles other than 
90° are not linearly transmitted but travels while meandering. 

That is, the light beam transmitted along the optical path 
A is transmitted from a region where the refractive index is high 
to a region where the refractive index is low, and is gradually 

15 bent parallelly to the y-direction. The light beam transmitted 
along the optical path B is also transmitted from a region where 
the refractive index is high to a region where the refractive index 
is low, and is gradually bent parallelly to the y-direction. 

The length, in the y-direction, of the incident portion 5104 

20 is determined so that the signal beam becomes a parallel beam 
(collimated beam) when incident on the sheet-form optical 
transmission line 5101. That is, the physical length, in the 
y-direction, of the incident portion 5104 is determined so that 
the optical path A is parallel to the optical path B . Consequently, 

25 the signal beam is incident on the sheet-form optical transmission 
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line 5101 as a parallel beam. 

The optical path A vertically traverses the sheet-form 
optical transmission line 5101 to reach the reflecting surface 
5102 and is bent in the positive direction of the z-direction by 
5 the reflecting surface 5102. On the other hand, the optical path 
B immediately reaches the reflecting surface 5102 and is bent in 
the positive direction of the z-direction by the reflecting surface 
5102. By the optical path A being bent by the reflecting surface 
5102, the signal beam is all transmitted in the positive direction 

10 of the z-direction of the sheet-form optical transmission line 
5101 . Then, the optical path A and the optical path B travel while 
meandering according to the refractive index distribution. 

The optical path A reaches the reflecting surface 5103, and 
is bent in the negative direction of the y-direction by the 

15 reflecting surface 5103. On the other hand, the optical path B 
parallelly incident in the positive direction of the y-direction 
reaches the reflecting surface 5103 later than the optical path 
A, and is bent in the negative direction of the y-direction by 
the reflecting surface 5103. 

20 At this time, the structure, in the z-direction, of the 

sheet-form optical transmission line 5101 is determined so that 
the signal beam becomes a parallel beam when exiting from the exit 
portion 5105. That is, the physical length of the sheet-form 
optical transmission line 5105 is determined so that the optical 

25 path A is parallel to the optical path B. Consequently, the signal 



beam is incident on the exit portion 5105 as a parallel beam. Here, 
the optical axis of the signal beam transmitted through the exit 
portion 5105 is parallel to the y-direction, and is orthogonal 
to the z-direction which is the signal beam transmission direction 
5 of the sheet-form optical transmission line 5101. The structure 
of the sheet-form optical transmission line 5101 will be described 
later in detail. 

The exit portion 5105 has a refractive index distribution 
such that the refractive index does not continuously increase with 

10 distance from the central axis to the periphery symmetrically with 
respect to the central axis as mentioned previously. For this 
reason, of the signal beam incident on the exit portion 5105, signal 
beams incident on the part away from the central axis are not linearly 
transmitted but travel while meandering. 

15 The optical path A is transmitted from a region where the 

refractive index is low to a region where the refractive index 
is high, and is gradually bent in a direction that approaches the 
optical axis of symmetry. The optical path B is also transmitted 
from a region where the refractive index is low to a region where 

20 the refractive index is high, and is gradually bent in a direction 
that approaches the optical axis of symmetry. 

The refractive index distribution and the physical length, 
in the y-direction, of .the exit portion 5101 are the same as those 
of the incident portion 5104. For this reason, the signal beam 

25 exits from the exit portion 5105 as a convergent beam, and is imaged 
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at the light receiving point 5111a. 

The physical optical path length, on the optical path A, 
from the position corresponding to the position where the optical 
path B reaches the reflecting surface 5102 to the position where 
5 the optical path A reaches the reflecting surface 5102 is defined 
as LAI. The physical optical path length, on the optical path 
B, from the position where the optical path B reaches the reflecting 
surface 5102 to the position corresponding to the position where 
the optical path A reaches the reflecting surface 5102 is defined 
10 as LB1. 

Moreover, the physical optical path length, on the optical 
path A, from the position where the optical path A reaches the 
reflecting surface 5103 to the position corresponding to the 
position where the optical path B reaches the reflecting surface 

15 5103 is defined as L2A. The physical optical path length, on the 
optical path B, from the position corresponding to the position 
where the optical path A reaches the reflecting surface 5103 to 
the position where the optical path B reaches the reflecting surface 
5103 is defined as L2B. 

20 Moreover, the physical distance from the position where the 

optical path A reaches the reflecting surface 5102 to the position 
where the optical path A reaches the reflecting surface 5103 is 
defined as a transmission length L. The transmission length L 
corresponds to the physical length of the region where the signal 

25 beam is transmitted in the positive direction of the z-direction. 
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Since the reflecting surface 5102 and the reflecting surface 
5103 both function as mirrors that bend the optical path 90 degrees, 
their geometries in the y- and z -direct ions are common. Therefore, 
the physical optical path length L1A is equal to the physical optical 
5 path length LIB. Likewise, the physical optical path length L2A 
is equal to the physical optical path length L2B. 

However, the optical path length corresponding to the 
physical optical path length L1A does not coincide with the optical 
path length corresponding to the physical optical path length LIB. 

10 This is because, since the optical path length is different after 
the reflection at the reflecting surface 5102, the phase of the 
light beam traveling along the optical path A does not coincide 
with the phase of the light beam traveling along the optical path 
B. That is, a phase difference occurs between the optical path 

15 A and the optical path B. As described above, when a reflecting 
surface that is not vertical to the transmission direction is 
provided in a sheet-form optical transmission line including a 
refractive index distribution, the reflecting surface functions 
as an optical path length difference generating portion. 

20 Since there is a phase difference between the optical path 

A and the optical path B, the intensity peak position of the signal 
beam transmitted inside the sheet-form optical transmission line 
5101 is shifted. The refractive index that affects the signal 
beam while the optical path A is transmitted along the optical 

25 path corresponding to L1A is higher than the refractive index that 



affects the signal beam while the optical path B is transmitted 
along the optical path corresponding to LIB. 

Consequently, the optical path A is delayed in phase from 
the optical path B. Therefore, as is apparent from FIG. 37 , the 
5 position where these optical paths intersect each other does not 
coincide with the central portion 5101a of the sheet-form optical 
transmission line 5101 but is shifted toward the positive side 
in the y-direction. 

Moreover, the phase of the light beam transmitted in the 

10 z-direction in the sheet-form optical transmission line 5101 is 
not disturbed by the refractive index distribution. Therefore, 
the phase difference between the optical path A and the optical 
path B caused by the reflecting surface 5102 is transmitted to 
the reflecting surface 5103 as it is. At the reflecting surface 

15 5103, a phase difference is caused between the optical path A and 
the optical path B by the same mechanism. 

The phase difference caused by the reflecting surface 5102 
is quantified. FIG. 38A is a cross section, taken on the plane 
including the C-D-G-H plane in FIG. 36A, of the sheet-form optical 

20 transmission line 5101 and the incident portion 5104. FIG. 38B 
is a graph showing the refractive index distribution of the 
sheet-form optical transmission line 5101. In FIG. 38B, the 
vertical axis coincides with the y-direction, and the origin of 
the y-coordinate is the central portion 5101a. 

25 Letting the refractive index distribution constant be g and 



the refractive index at the central portion 5101a be n maK , the 
refractive index distribution in the y-direction is defined by 
the quadratic function shown by the following (Expression 2) : 



index n (y) and the vertical axis represents the position coordinate, 
in the y-direction, of the sheet-form optical transmission line 
5101. The origin of the position is the central portion 5101a 
of the sheet-form optical transmission line 5101. As is apparent 

10 fromFIG. 38B, ( Expression 9 ) is a quadratic function that is convex 
upward, and the refractive index distribution is such that the 
refractive index at the central portion 5101a is the highest 
refractive index n max and the refractive index continuously and 
centrosymmetrically decreases with distance from the central 

15 portion 5101a in both the positive and negative directions of the 
y-direction . 

To convert the physical optical path length into an optical 
path length, the function of the refractive index distribution 
is integrated with respect to the position. For the sake of 
20 simplification, it is assumed that the position where the signal 
beam transmitted along the optical path A and the optical path 
B is reflected by the reflecting surface 5102 is the position of 
the largest diameter of the sheet-form optical transmission line 
5101. 



"00 = "m« l ~ 



V 




(Expression 9) 



5 



In FIG. 38B, the horizontal axis represents the refractive 
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In actuality, in the signal beam transmitted in the 
sheet-form optical transmission line 5101, a plurality of modes 
is excited in the direction of the width, and the effective 
refractive index differs among the modes. In the MMI, since the 
5 size in the direction of the length is a function of the effective 
refractive index of the Oth-order mode beamexcited in the direction 
of the width, it is more convenient to replace the highest refractive 
index n max with the effective refractive index n 0 of the Oth-order 
mode beam excited in the direction of the width. Therefore, in 

10 the following discussion, the effective refractive index n 0 of 
the Oth-order mode beam excited in the direction of the width is 
used as the refractive index. The effective refractive index no 
is determined by the highest refractive index n max , the wavelength 
of the signal beam and the configuration of the sheet-form optical 

15 transmission line. 

The optical path length corresponding to the physical optical 
path length L1A of the optical path A is equal to (Expression 9) , 
being a function of the refractive index, integrated with respect 
to the position coordinate y from -d/2 to d/2 . That is, the optical 

20 path length corresponding to the physical optical path length L1A 
of the optical path A is equal to the area of the region a defined 
by the y-axis and the graph of (Expression 9) representing the 
refractive index distribution in FIG. 38B. 

Likewise, the optical path length corresponding to the 

25 physical optical path length LIB of the optical path B is equal 
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to the value n(d/2), of the refractive index at a position d/2 
in FIG. 38B, integrated with respect to the position coordinate 
y from -d/2 to d/2 . That is, the optical path length corresponding 
to the physical optical path length LIB of the optical path B is 
5 equal to the area of the rectangular region pin FIG. 38B. 

Therefore, the difference AL in optical path length between 
the optical path A and the optical path B caused by the reflecting 
surface 5102 is expressed by the following (Expression 10) . 
Moreover, the phase difference A caused between the optical path 
10 A and the optical path B at this time is expressed by the following 
(Expression 11) . Here, the effective refractive index n 0 is used 
as the refractive index. 

AZ= jt{»(>')-"[|)}^ = 2f {<y^-"{i)} d y = n ^- (Expression 10) 

2tt n 2 d 3 
A = — AL = ?^R n (Expression 11) 

15 Results of concrete numerical calculations of the 

above-mentioned phase difference A are shown in Table 1. In the 
calculations, the refractive index distribution coefficient g is 
set as a value that decreases approximately 1% from the center 
at d/2. Moreover, the effective refractive index corresponding 

20 to the refractive index at the central portion 5101a is set to 
n 0 =l . 5 . 

Table 1 
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Diameter, in the direction of the refractive index distribution, 
of the sheet-form optical transmission line 
[|im] 


50 


100 


200 


1000 


Refractive index 
distribution 
coefficient g 
[mm' 1 ] 


5.6 


2.8 


1.414 


0.28 


Phase 
difference A 
[radian] 


1.187T 


2.35 7T 


4.71 7T 


23.5* 



As is apparent from Table 1, the phase difference between 
the optical path A and the optical path B caused at the reflecting 
surface 5102 is not less than tz radian. The signal beam cannot 
5 be made to exit with its intensity distribution being unchanged 
unless the phase difference between the optical path A and the 
optical path B is zero. 

Therefore, a method of compensating for the phase difference 
will be described. First, a condition that is necessarily 

10 satisfied by the physical length (hereinafter, referred to as 
transmission length) L from the position where the signal beam 
transmitted along the optical path A reaches the reflecting surface 
5102 to the position where the signal beam transmitted along the 
optical path A reaches the reflecting surface 5103. 

15 The signal beam incident on the sheet-form optical 

transmission line 5101f rom the incident portion 5104 and the signal 
beam exiting from the sheet-form optical transmission line 5101 
to the exit portion 5105 are both parallel beams. Moreover, when 
the refractive index distribution coefficient g is provided, the 
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light beam transmitted in the sheet-form optical transmission line 
5101 meanders with a period of 2n/q according to the refractive 
index distribution . 

Therefore, to cause the signal beam incident as a parallel 
5 beam to exit as a parallel beam at the sheet-form optical 
transmission line 5101, the transmission length L is set to an 
integral multiple of the period 2 tz /g. That is, the transmission 
length L necessarily satisfies the following (Expression 12) : 

In 

L = j ( j=0, 1, 2, 3, . . . ) (Expression 12) 

g 

10 On the other hand, because of the refractive index 

distribution, the optical path length corresponding to the physical 
transmission length L of the optical path A is equal to the optical 
path length corresponding to the physical transmission length of 
the optical path B. The difference in overall optical path length 

15 between the optical path A and the optical path B of the sheet-form 
optical transmission line 5101 can be considered to be caused only 
at the reflecting surface 5102 and the reflecting surface 5103. 
As described above, the reflecting surface 5102 and the reflecting 
surface 5103 are optical path length difference generating 

20 portions. 

The difference AL to tai in overall optical path length of the 
sheet-form optical transmission line 5101 is equal to the value 
of the following (Expression 13) which is double the (Expression 
10) calculated with respect to the reflecting surface 5102: 
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2 ^3 

AL fota/ = 2AL - -S^ (Expression 13) 

6 

The above (Expression 13) means that the optical path length 
of the optical path A is larger by the value of AL to tai than the 
optical path length of the optical path B. Therefore, by making 
5 the value of (Expression 13) to coincide with an integral multiple 
of the wavelength of the signal beam, the difference between the 
phase of the optical path A and the phase of the optical path B 
can be made zero. That is, the condition that makes zero the phase 
difference between the optical path A and the optical path B is 
10 a condition expressed by the following (Expression 14) : 

2 t3 

kLtotat^— = ** (k=l,2,3, . . .) (Expression 14) 

6 

As described above, the phase difference between the optical 
path A and the optical path B is a natural multiple of the wavelength 
X of the signal beam by structuring the sheet-form optical 

15 transmission line 5101 so that the difference in optical path length 
between the optical path A and the optical path B caused in the 
entire sheet-form optical transmission line 5101 satisfies 
(Expression 14) . Consequently, the phase difference between the 
optical path A and the optical path B does not occur. 

20 The sheet-form optical transmission line 5101 is designed 

as follows: First, the transmission length L is determined by 
(Expression 12) . By this, the refractive index distribution 
coefficient g is determined. Then, (Expression 14) is adjusted 
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by use of the determined refractive index distribution coefficient 
g and the preprovided signal beam wavelength X. 

The parameters for the adjustment are the refractive index 
n max at the central portion 5101a and the thickness d in the 
5 y-direction. The effective refractive index n 0 of the Oth-order 
mode beam excited in the direction of the width can be changed 
by changing the refractive index n max at the central portion 5101a 
and the thickness d in the y-direction. When the adjustment cannot 
be made, the refractive index distribution coefficient g is changed 

10 and the transmission length L is again determined by (Expression 
12) . By repeating this optimization design, a desired sheet-form 
optical transmission line 5101 can be obtained. 

As described above, in the optical device according to the 
fifteenth embodiment, the difference in optical path length between 

15 the optical path A and the optical path B is a natural multiple 
of the signal beam wavelength X. Therefore, the phase difference 
between the optical path A and the optical path B is the same between 
before the incidence on the optical transmission line and the exit 
from the optical transmission line. Consequently, in the optical 

20 device according to the fifteenth embodiment, the waveform at the 
time of the incidence on the optical transmission line and the 
waveform at the time of the exit therefrom can be made to coincide 
with each other, so that the signal beam can be made to exit from 
the optical transmission line without any loss. 

25 Moreover, in the optical device according to the fifteenth 
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embodiment, since the optical axis of the signal beam incident 
on the optical transmission line and the optical axis of the signal 
beam exiting from the optical transmission line are both orthogonal 
to the z-direction, the outside and the optical transmission line 
5 can be easily coupled together . In particular , when optical parts 
such as a light emitting element that emits the signal beam that 
is incident on the optical transmission line and a light receiving 
element that receives the signal beam having exited from the optical 
transmission line are coupled to the optical transmission line, 

10 the optical parts can be easily mounted. 

Moreover, in the optical device according to the fifteenth 
embodiment, the optical path A and the optical path B include two 
optical path length difference generating portions where the 
optical path length difference is caused, and the sum of the optical 

15 path length differences caused by the two optical path length 
difference generating portions is equal to a natural multiple of 
the signal beam wavelength. By this structure, the phase 
difference between the two optical paths can be made zero. 

Moreover, the optical device according to the fifteenth 

20 embodiment includes a sheet-form optical transmission line capable 
of trapping the signal beam in the y-direction, and the sheet-form 
optical transmission line has a refractive index distribution such 
that the refractive index at the central portion where the thickness 
in the y-direction is half is the highest and the refractive index 

25 does not increase with distance from the center in a first direction . 
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By this structure, the mode dispersion is suppressed by the 
refractive index distribution, and the signal beam can be 
transmitted. 

Moreover, in the optical device according to the fifteenth 
5 embodiment, the sheet-form optical transmission line includes the 
reflecting surface 5102 for bending, in the z-direction, the 
optical axis of the signal beam incident from a direction not 
parallel to the z-direction and the reflecting surface 5103 for 
bending, in the direction not parallel to the z-direction, the 

10 optical axis of the signal beam transmitted in the z-direction. 
In this case, the reflecting surface 5102 and the reflecting surface 
5103 are optical path length difference generating portions. 

By this structure, the signal beam incident on the optical 
transmission line from the direction not parallel to the 

15 z-direction can be easily made incident on the optical transmission 
line. Moreover, the signal beam exiting from the optical 
transmission line in the direction not parallel to the z-direction 
can be easily made to exit from the optical transmission line. 

Moreover, in the optical device according to the fifteenth 

20 embodiment, in the sheet-form optical transmission line, the 
physical optical path length from the position where the signal 
beam is all bent in the z-direction by the reflecting surface 5102 
to the position immediately before the signal beam is all incident 
on the reflecting surface 5103 is equal to j times ( j=0, 1,2,3,...) 

25 the period of meandering of the optical path along which the signal 
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beam is transmitted while meandering based on the refractive index 
distribution. By this structure, the intensity distribution of 
the signal beam is the same between on the incident side and on 
the exit side. 
5 (Sixteenth embodiment) 

Next, a sixteenth embodiment of the present invention will 
be described. In the sixteenth embodiment, descriptions of the 
same parts as those of the fifteenth embodiment are omitted and 
only different parts will be described. Amulti-mode interference 

10 1X2 splitter 5200 of the sixteenth embodiment has approximately 
the same structure as the multi-mode interference 1X2 splitter 
5100 shown in FIG. 36, and is different only in the structure of 
a sheet-form optical transmission line 5201. 

FIG. 39 is a cross-sectional view of a part, where the signal 

15 beam is transmitted, of the multi-mode interference 1X2 splitter 
5200 according to the sixteenth embodiment of the present invention . 
FIG. 39 is a cross-sectional view of the multi-mode interference 
1X2 splitter 5200 taken on the same place as that in the case 
of the multi-mode interference 1X2 splitter 5100 according to 

20 the fifteenth embodiment shown in FIG. 36 and FIG. 37. In FIG. 39, 
the incident portion 5104, the exit portion 5105, the reflecting 
surface 5102 and the reflecting surface 5103 all have the same 
structures as those of the multi-mode interference 1X2 splitter 
5100 according to the fifteenth embodiment. 

25 The sheet-form optical transmission line 5201 has a 
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refractive index distribution in the y-direction. The sheet-form 
optical transmission line 5201 has the highest refractive index 
n m ax at the central portion 5101a. The sheet-form optical 
transmission line 5201 has a refractive index distribution that 
5 satisfies (Expression 9) with the central portion 5101a as the 
symmetry plane. Moreover, the sheet-form optical transmission 
line 5201 has a refractive index distribution only in the 
y-direction, and has no refractive index distribution in the other 
directions . Moreover, the transmission length L of the sheet-form 
10 optical transmission line 5201 satisfies the following (Expression 
15) : 

In 

L = (y+0.5) ( j=0, 1, 2, . . . ) (Expression 15) 

g 

(Expression 15) means that the transmission length L is (an 
integer+0.5) times the period of meandering when the beam is 
15 transmitted through the sheet-form optical transmission line 5201 . 
When the transmission length L satisfies (Expression 15), the 
period of meandering of the optical path A and the optical path 
B is shifted by half the period compared to that at the time of 
incidence . 

20 The optical path A is reflected at the side, the farthest 

from the incident portion 5104, of the reflecting surface 5102 
to be bent in the positive direction of the z-direction and 
transmitted, and then, reflected at the side, the closest to the 
exit portion 5105, of the reflecting surface 5103. Likewise, the 
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optical path B is reflected at the side, the closest to the incident 
portion 5104 , of the reflecting surface 5102 to be bent in the 
positive direction of the z-direction and transmitted, and then, 
reflected at the side, the farthest from the exit portion 5105, 
5 of the reflecting surface 5103. 

Here, the physical optical path lengths L1A, L2A, LIB and 
L2B are defined equally to the case of the fifteenth embodiment. 
Moreover, the transmission length L is also defined equally to 
the case of the fifteenth embodiment . In the case of the sixteenth 

10 embodiment, the optical path length corresponding to the physical 
optical path length L1A of the optical path A is equal to the optical 
path length corresponding to the physical optical path length L2B 
of the optical path B. Moreover, the optical path length 
corresponding to the physical optical path length L2A of the optical 

15 path A is equal to the optical path length corresponding to the 
physical optical path length LIB of the optical path B. 

On the other hand, because of the refractive index 
distribution, the optical path length corresponding to the physical 
transmission length L of the optical path A is equal to the optical 

20 path length corresponding to the physical transmission length of 
the optical path B. Therefore, the difference in overall optical 
path length between the optical path A and the optical path B of 
the sheet-form optical transmission line 5201 is zero. Similarly 
to the case of the fifteenth embodiment, when the optical path 

25 length is AL to tai, the following (Expression 16) holds: 
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^totai—® (Expression 16) 

That is, the difference between the optical path length of 
the optical path A and the optical path length of the optical path 
B is zero. Since the difference in optical path length is zero, 
5 no phase difference occurs between the optical path A and the optical 
path B. As described above, the phase difference between the 
optical path A and the optical path B is zero when the transmission 
length L of the sheet-form optical transmission line 5201 is set 
so as to satisfy (Expression 15) . 

10 As described above, in the optical device according to the 

sixteenth embodiment , the difference in optical path length between 
the optical path A and the optical path B is zero. Therefore, 
the phase difference between the optical path A and the optical 
path B is the same between before the incidence on the optical 

15 transmission line and after the exit from the optical transmission 
line. Consequently, in the optical device according to the 
sixteenth embodiment, the waveform at the time of the incidence 
on the optical transmission line and the waveform at the time of 
the exit therefrom can be made to coincide with each other, so 

20 that the signal beamcan be made to exit from the optical transmission 
line without any loss. 

Moreover, in the optical device according to the sixteenth 
embodiment, since the optical axis of the signal beam incident 
on the optical transmission line and the optical axis of the signal 

25 beam exiting from the optical transmission line are both orthogonal 
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to the z-direction, the outside and the optical transmission line 
can be easily coupled together. In particular, when optical parts 
such as a light emitting element that emits the signal beam that 
is incident on the optical transmission line and a light receiving 
5 element that receives the signal beamhaving exited from the optical 
transmission line are coupled to the optical transmission line, 
the optical parts can be easily mounted. 

Moreover, in the optical device according to the sixteenth 
embodiment, the optical path A and the optical path B include two 

10 optical path length difference generating portions where the 
optical path length difference is caused, and the sum of the optical 
path length differences caused by the two optical path length 
difference generating portions is zero. By this structure, the 
phase difference between the two optical paths can be made zero. 

15 Moreover, the optical device according to the sixteenth 

embodiment includes a sheet -form optical transmission line capable 
of trapping the signal beam in the y-direction, and the sheet-form 
optical transmission line has a refractive index distribution such 
that the refractive index at the central portion where the thickness 

20 in the y-direction is half is the highest and the refractive index 
does not increase with distance from the center in a first direction . 
By this structure, the mode dispersion is suppressed by the 
refractive index distribution, and the signal beam can be 
transmitted. 

25 Moreover, in the optical device according to the sixteenth 
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embodiment, the sheet-form optical transmission line includes the 
reflecting surface 5102 for bending, in the z-direction, the 
optical axis of the signal beam incident from a direction not 
parallel to the z-direction and the reflecting surface 5103 for 
5 bending, in the direction not parallel to the z-direction, the 
optical axis of the signal beam transmitted in the z-direction. 
Further, the reflecting surface 5102 and the reflecting surface 
5103 are optical path length difference generating portions. 

By this structure, the signal beam incident on the optical 

10 transmission line from the direction not parallel to the 
z-direction can be easily made incident on the optical transmission 
line. Moreover, the signal beam exiting from the optical 
transmission line in the direction not parallel to the z-direction 
can be easily made to exit from the optical transmission line. 

15 Moreover, in the optical device according to the sixteenth 

embodiment, in the sheet-form optical transmission line, the 
physical optical path length from the position where the signal 
beam is all bent in the z-direction by the reflecting surface 5102 
to the position immediately before the signal beam is all incident 

20 on the reflecting surface 5103 is equal to (j+0.5) times 
(j = 0,l,2,3, . . .) the period of meandering of the optical path along 
which the signal beam is transmitted while meandering based on 
the refractive index distribution. By this structure, the 
intensity distribution of the signal beam is the same between on 

25 the incident side and on the exit side. 
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( Seventeenth embodiment ) 

Next , a seventeenth embodiment of the present invention will 
be described. In the seventeenth embodiment, descriptions of the 
same parts as those of the fifteenth embodiment are omitted and 
5 only different parts will be described. Amulti-mode interference 
1X2 splitter 5300 of the seventeenth embodiment has approximately 
the same structure as the multi-mode interference 1X2 splitter 
5100 shown in FIG. 36, and is different in the structure of an 
incident portion 5304 , an exit portion 5305 and a sheet-form optical 

10 transmission line 5301. 

FIG . 40 is a cross-sectional view of a part, where the signal 
beam is transmitted, of the multi-mode interference 1X2 splitter 
5300 according to the seventeenth embodiment of the present 
invention. FIG. 40 is a cross-sectional view of the multi-mode 

15 interference 1X2 splitter 5200 taken on the same place as that 
in the case of the multi-mode interference 1X2 splitter 5100 
according to the fifteenth embodiment shown in FIG. 36 and FIG . 37 . 

The sheet-form optical transmission line 5301 has a 
refractive index distribution in the y-direction. The sheet-form 

20 optical transmission line 5301 has the highest refractive index 
n m ax at the central portion 5101a. The sheet-form optical 
transmission line 5301 has a refractive index distribution that 
satisfies Expression (1) with the central portion 5101a as the 
symmetry plane. Moreover, the sheet-form optical transmission 

25 line 5301 has a refractive index distribution only in the 
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y-direction, and has no refractive index distribution in the other 
directions . 

In the sheet-form optical transmission line 5301, the signal 
beam incident through the incident portion 5304 is condensed into 
5 a line parallel to the x-direction at the central portion 5101a 
of the sheet-form optical transmission line on the reflecting 
surface 5102. That is, by appropriately setting the length, in 
the y-direction, of the incident portion 5304, the signal beam 
can be condensed into a line parallel to the x-direction at the 

10 central portion 5101a of the sheet-form optical transmission line 
on the reflecting surface 5102. 

Moreover, in the sheet-form optical transmission line 5301, 
the signal beam exiting from the exit portion 5305 exits from the 
exit portion 5105 after condensed into a line parallel to the 

15 x-direction at the central portion 5101a of the sheet-form optical 
transmission line on the reflecting surface 5103. That is, by 
appropriately setting the length, in the y-direction, of the exit 
portion 5305, the signal beam can be condensed into a line parallel 
to the x-direction at the central portion 5101a of the sheet-form 

20 optical transmission line on the reflecting surface 5103. 

Further, in the sheet-form optical transmission line 5301, 
at this time, the physical optical path length L R _ R , at the central 
portion 5101a, from the reflecting surface 5102 and the reflecting 
surface 5103 of the sheet-form optical transmission line 5301 

25 satisfies the relationship of the following (Expression 17): 
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L R _ R = — •— ( j=0, 1, 2, 3, . . . ) (Expression 17) 
g 2 

(Expression 17) means that the physical optical path length 
Lr_r is equal to a half -integral multiple of the meandering period 
of theopticalpathof the signal beamthat meanders in the sheet-form 
5 optical transmission line 5301. When the physical optical path 
length L R _ R is set so as to satisfy (Expression 17), the signal 
beam condensed into a line parallel to the x-direction on the 
reflecting surface 5102 is again condensed into a line parallel 
to the x-direction on the reflecting surface 5103. 

10 Therefore, between the reflecting surface 5101 and the 

reflecting surface 5102, a conjugate relationship optically holds 
within a plane parallel to the y-z plane. At this time, since 
the refractive index that affects the optical path A and the 
reflective index that affects the optical path B completely 

15 coincide with each other, no phase difference occurs between the 
optical path A and the optical path B. As described above, the 
phase difference between the optical path A and the optical path 
B is zero when the physical optical path length L R _ R of the sheet-form 
optical transmission line 5301 is set so as to satisfy (Expression 

20 17). 

As described above, in the optical device according to the 
seventeenth embodiment , of apluralityof optical paths transmitted 
through the sheet-form optical transmission line 5301, the 
difference in optical path length between the optical path A and 
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the optical path B is zero. The phase difference between the 
optical path A and the optical path B is the same between before 
the incidence on the optical transmission line and after the exit 
from the optical transmission line. Consequently, in the optical 
5 device according to the seventeenth embodiment, the waveform at 
the time of the incidence on the optical transmission line and 
the waveform at the time of the exit therefrom can be made to coincide 
with each other, so that the signal beam can be made to exit from 
the optical transmission line without any loss. 

10 Moreover, in the optical device according to the seventeenth 

embodiment, the optical path A and the optical path B do not have 
a part where an optical path length difference is caused. By this 
structure, the phase difference between the optical path A and 
the optical path B can be made zero. 

15 Moreover, in the optical device according to the seventeenth 

embodiment, the above-described sheet-form optical transmission 
line includes the reflecting surface 5102 and the reflecting 
surface 5103, and the physical optical path length between the 
reflecting surface 102 and the reflecting surface 103 at the central 

20 portion 101a is equal to ( j /2) times ( j =0 , 1 , 2 , 3 , . . . ) the period 
of meandering of the optical path along which the signal beam is 
transmitted while meandering based on the refractive index 
distribution. Moreover, in the optical device according to the 
seventeenth embodiment, the signal beam is condensed into a line 

25 parallel to the x-direction orthogonal to both the y-direction 
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and the z-direction at the central portion, where the thickness 
in the first direction is half, of the optical transmission line. 

By this structure, the reflecting surfaces are optically 
in a conjugate relationship at the central portion . For this reason, 
5 the two optical paths do not have a part where an optical path 
length difference is caused, between the reflecting surfaces. 
Consequently, the phase difference between the two optical paths 
can be made zero. 

(Eighteenth embodiment ) 

10 Next, an eighteenth embodiment of the present invention will 

be described. In the eighteenth embodiment, descriptions of the 
same parts as those of the fifteenth embodiment are omitted and 
only different parts will be described. Amulti-mode interference 
1X2 splitter 5400 of the eighteenth embodiment has approximately 

15 the same structure as the multi-mode interference 1X2 splitter 
5100 shown in FIG. 36, and is different in the structure of an 
incident portion 5404, an exit portion 5405, an exit portion 5406 
and a sheet-form optical transmission line 5401. 

FIG . 4 1A is a cross -sectional view of a part, where the signal 

20 beam is transmitted, of the multi-mode interference 1X2 splitter 
5400 according to the eighteenth embodiment of the present 
invention. FIG. 41A is a cross-sectional view of the multi-mode 
interference 1X2 splitter 5400 taken on the same place as that 
in the case of the multi-mode interference 1X2 splitter 5100 

25 according to the fifteenth embodiment shown in FIG. 36 and FIG. 37 . 
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In the figure, the refractive index distribution is omitted. 

The sheet-form optical transmission line 5401 traps the 
externally incident signal beam in the y-direction and can transmit 
it in the z-direction (transmission direction) . The sheet-form 
5 optical transmission line 5401 has a reflecting surface 5402 and 
a reflecting surface 5403 at both ends in the z-direction. 

The incident portion 5404 is structured so that the optical 
axis of the signal beam incident on the sheet-form optical 
transmission line 5401 is not parallel to the z-direction but is 

10 at a predetermined acute angle with respect thereto. Moreover, 
the exit portion 5405 is structured so that the optical axis of 
the signal beam exiting from the sheet-form optical transmission 
line 54 01 is not parallel to the z-direction but is at a predetermined 
acute angle with respect thereto. 

15 The reflecting surface 5402 is disposed so as to bend, in 

the z-direction, the optical axis of the signal beam transmitted 
through the incident portion 5405 and incident on the sheet-form 
optical transmission line 5401 from a direction at a predetermined 
acute angle with respect to the z-direction. The reflecting 

20 surface 5403 is disposed so as to bend the signal beam in a direction 
in which the signal beam is transmitted through the sheet-form 
optical transmission line 5401 and that is at a predetermined acute 
angle with respect to the z-direction. 

In the sheet-form optical transmission line 5401, the signal 

25 beam incident through the incident portion 5404 is condensed into 
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a line parallel to the x-direction at the central portion 5101a 
of the sheet-form optical transmission line on the reflecting 
surface 5402. That is, by appropriately setting the structure 
of the incident portion 5404, the signal beam can be condensed 
5 into a line parallel to the x-direction at the central portion 
5101a of the sheet -form optical transmission line on the reflecting 
surface 5402. 

Moreover, in the sheet-form optical transmission line 5401, 
the signal beam exiting from the exit portion 5405 exits from the 

10 exit portion 5405 after condensed into a line parallel to the 
x-direction at the central portion 5101a of the sheet-form optical 
transmission line on the reflecting surface 5403. That is, by 
appropriately setting the structure of the exit portion 5405, the 
signal beam can be condensed into a line parallel to the x-direction 

15 at the central portion 5101a of the sheet-form optical transmission 
line on the reflecting surface 5403. 

As described above, in the multi-mode interference 1X2 
splitter 5400 according to the eighteenth embodiment, the optical 
axis of the signal beam incident on the optical transmission line 

20 and the optical axis of the signal beam exiting from the optical 
transmission line are both not parallel to the z-direction but 
at the predetermined acute angle with respect thereto. 
Consequently, the degree of freedom of the layout of the light 
emitting element 5111 and the light receiving element 5112 can 

25 be improved. 
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In the eighteenth embodiment, it may be performed to 
calculate the phase difference between the optical path A and the 
optical path B of the signal beam in the sheet-form optical 
transmission line 5401 and makes the phase difference a natural 
5 multiple of the signal beam wavelength or zero as described in 
the fifteenth embodiment and the sixteenth embodiment. By doing 
this, the phase difference between the optical path A and the optical 
path B can also be made zero. 

(Nineteenth embodiment ) 

10 Next, a nineteenth embodiment of the present invention will 

be described. In the nineteenth embodiment, descriptions of the 
same parts as those of the fifteenth embodiment are omitted and 
only different parts will be described. Amulti-mode interference 
1X2 splitter 5500 of the nineteenth embodiment has approximately 

15 the same structure as the multi-mode interference 1X2 splitter 
5100 shown in FIG. 36, and is different in the structure of an 
incident portion 5504, an exit portion 5505, an exit portion 5506 
and a sheet-form optical transmission line 5501. 

FIG. 41Bisa cross -sectional view of a part , where the signal 

20 beam is transmitted, of the multi-mode interference 1X2 splitter 
5500 according to the nineteenth embodiment of the present 
invention. FIG. 41B is a cross-sectional view of the multi-mode 
interference 1X2 splitter 5500 taken on the same place as that 
in the case of the multi-mode interference 1X2 splitter 5100 

25 according to the fifteenth embodiment shown in FIG. 1 and FIG. 2. 
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In the figure, the refractive index distribution is omitted. 

The sheet-form optical transmission line 5501 traps the 
externally incident signal beam in the y-direction and can transmit 
it in the z-direction (transmission direction) . The sheet-form 
5 optical transmission line 5501 has a reflecting surface 5502 and 
a reflecting surface 5503 at both ends in the z-direction. 

The incident portion 5504 is structured so that the optical 
axis of the signal beam incident on the sheet-form optical 
transmission line 5401 is not parallel to the z-direction but is 

10 at a predetermined acute angle with respect thereto. Moreover, 
the exit portion 5505 is structured so that the optical axis of 
the signal beam exiting from the sheet-form optical transmission 
line 5 501 is not parallel to the z-direction but is at a predetermined 
acute angle with respect thereto. 

15 The reflecting surface 5502 is disposed so as to bend, in 

the z-direction, the optical axis of the signal beam transmitted 
through the incident portion 5504 and incident on the sheet-form 
optical transmission line 5501 from a direction at a predetermined 
acute angle with respect to the z-direction. The reflecting 

20 surface 5503 is disposed so as to bend the signal beam in a direction 
in which the signal beam is transmitted through the sheet-form 
optical transmission line 5501 and that is at a predetermined acute 
angle with respect to the z-direction. 

In the sheet-form optical transmission line 5501, the signal 

25 beam incident through the incident portion 5504 is condensed into 
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a line parallel to the x-direction at the central portion 5101a 
of the sheet-form optical transmission line on the reflecting 
surface 5502. That is, by appropriately setting the structure 
of the incident portion 5504, the signal beam can be condensed 
5 into a line parallel to the x-direction at the central portion 
5101a of the sheet-form optical transmission line on the reflecting 
surface 5502. 

Moreover, in the sheet-form optical transmission line 5501, 
the signal beam exiting from the exit portion 5505. exits from the 

10 exit portion 5505 after condensed into a line parallel to the 
x-direction at the central portion 5101a of the sheet-form optical 
transmission line on the reflecting surface 5503. That is, by 
appropriately setting the structure of the exit portion 5505, the 
signal beam can be condensed into a line parallel to the x-direction 

15 at the central portion 5101a of the sheet -form optical transmission 
line on the reflecting surface 5503. 

At this time, the sheet-form optical transmission line 5501 
satisfies (Expression 17 ) described in the seventeenth embodiment . 
Therefore, between the reflecting surface 5502 and the reflecting 

20 surface 5503, a conjugate relationship optically holds within a 
plane parallel to the y-z plane . At this time, since the refractive 
index that affects the optical path A and the reflective index 
that affects the optical path B completely coincide with each other, 
no phase difference occurs between the optical path A and the optical 

25 path B. 
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As described above, in the multi-mode interference 1X2 
splitter 5500 according to the nineteenth embodiment, the optical 
axis of the signal beam incident on the optical transmission line 
and the optical axis of the signal beam exiting from the optical 
5 transmission line are both not parallel to the z-direction but 
at the predetermined acute angle with respect thereto. 
Consequently, the degree of freedom of the layout of the light 
emitting element 5111 and the light receiving element 5112 can 
be improved. 

10 In the nineteenth embodiment, it may be performed to 

calculate the phase difference between the optical path A and the 
optical path B of the signal beam in the sheet-form optical 
transmission line 5501 and makes the phase difference a natural 
multiple of the signal beam wavelength or zero as described in 

15 the fifteenth embodiment and the sixteenth embodiment. By doing 
this , the phase difference between the optical path A and the optical 
path B can also be made zero. 
(Twentieth embodiment ) 

FIG. 42Ais a cross-sectional view of a part, where the signal 
20 beam is transmitted, of a multi-mode interference 1X2 splitter 
5600 according to a twentieth embodiment of the present invention. 
In the twentieth embodiment, descriptions of the same parts as 
those of the fifteenth embodiment are omitted and only different 
parts will be described. The multi-mode interference 1X2 
25 splitter 5600 according to the twentieth embodiment has 
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approximately the same structure as the multi-mode interference 
1X2 splitter 100 shown in FIG. 36, and is different only in that 
a structure corresponding to the exit portion is not provided. 
In the figure, the refractive index distribution is omitted. 
5 In FIG. 42A, the multi-mode interference 1X2 splitter 5600 

according to the twentieth embodiment is provided with an incident 
portion 5104 and a sheet-form optical transmission line 5601 . The 
structure of the incident side of the sheet-form optical 
transmission line 5601 is the same as that of the sheet-form optical 

10 transmission line 5101 according to the first embodiment. On the 
other hand, on the exit side, the signal beamexits in the z-direction 
from an end surface of the sheet-form optical transmission line 
5601 from the exit side. 

In the sheet- form optical transmission line 5 601, the optical 

15 path length difference generating portion is only the reflecting 
surface 5102. Therefore, by making the phase difference between 
the optical path A and the optical path B caused at the reflecting 
surface 5102 an integral multiple of the signal beam wavelength, 
the phase difference can be made zero. 

20 (Twenty-first embodiment) 

FIG. 42B is a cross -sectional view of a part, where the signal 
beam is transmitted, of a multi-mode interference 1X2 splitter 
5700 according to a twenty-first embodiment of the present 
invention. In the twenty-first embodiment, descriptions of the 

25 same parts as those of the fifteenth embodiment are omitted and 
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only different parts will be described. The multi-mode 
interference 1X2 splitter 5700 according to the twenty-first 
embodiment has approximately the same structure as the multi-mode 
interference 1X2 splitter 5100 shown in FIG. 1, and is different 
5 only in that a structure corresponding to the incident portion 
is not provided. In the figure, the refractive index distribution 
is omitted. 

In FIG. 42B, the multi-mode interference 1X2 splitter 5700 
according to the twenty-first embodiment is provided with an 

10 incident portion 5104 and a sheet-form optical transmission line 
5701. The structure of the exit side of the sheet-form optical 
transmission line 5701 is the same as that of the sheet-form optical 
transmission line 5101 according to the fifteenth embodiment. On 
the other hand, on the incident side, the signal beam is incident 

15 in the z-direction through an end surface of the sheet-form optical 
transmission line 5701 from the incident side. 

In the sheet- form optical transmission line 57 01, the optical 
path length difference generating portion is only the reflecting 
surface 5103. Therefore, by making the phase difference between 

20 the optical path A and the optical path B caused at the reflecting 
surface 5103 an integral multiple of the signal beam wavelength, 
the phase difference can be made zero. 
(Twenty-second embodiment ) 

Next, a twenty-second embodiment of the present invention 
2 5 will be described with reference to FIG. 4 3A. In the twenty- second 
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embodiment, descriptions of the same parts as those of the fifteenth 
embodiment are omitted and only different parts will be described. 
A multi-mode interference 1X2 splitter 5800 of the twenty-second 
embodiment has approximately the same structure as the multi-mode 
5 interference 1X2 splitter 5100 shown in FIG. 36, and is different 
in that a structure corresponding to the exit portion is not provided 
and an intermediate incident and exit portion is present. In the 
figure, the refractive index distribution is omitted. 

The multi-mode interference 1X2 splitter 5800 according 

10 to the twenty-second embodiment is provided with an incident 
portion 5104, a sheet-form optical transmission line 5801 and an 
intermediate incident and exit portion 5820. The structure of 
the incident side of the sheet-form optical transmission line 5801 
is the same as that of the sheet-form optical transmission line 

15 5101 according to the first embodiment. On the other hand, on 
the exit side, the signal beam exits in the z-direction from an 
end surface of the sheet-form optical transmission line 5801 from 
the exit side. 

The intermediate incident and exit portion 5820 includes 
20 a reflecting surface 5813, an intermediate exit portion 5814, a 
processor 5816, an intermediate incident portion 5817 and a 
reflecting surface 5819. 

The reflecting surface 5813 is a reflecting surface disposed 
at an angle of 545° with respect to the z-x plane so as to bend 
25 the signal beam transmitted in the positive direction of the 
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z-direction, in the negative direction of the y-direction. 

The intermediate exit portion 5814 is a homogeneous-material 
prism having a triangle pole shape that extends in the x-direction . 
The intermediate exit portion 5814 has a reflecting surface 5815 
5 that bends, in the positive direction of the z-direction, the 
optical axis of the signal beam bent in the negative direction 
of the y-direction. 

The processor 5816 processes the incident signal beam with 
an optical filter . For example, the processor 5816 is a polarizing 
10 filter, a half-wave plate, a quarter-wave plate or an ND filter. 
Moreover, a liquid crystal element may be disposed. In this case, 
the processor 5816 functions as an optical switch. 

The intermediate incident portion 5817 is a 
homogeneous-material prism having a triangle pole shape that 
15 extends in the x-direction. The intermediate incident portion 
5817 has a reflecting surface 5818 that bends, in the positive 
direction of the y-direction, the signal beam transmitted in the 
z-direction. 

The reflecting surface 5819 is a reflecting surface disposed 
20 at an angle of 45° with respect to the z-x plane so as to bend 
the signal beam incident in the positive direction of the 
y-direction, in the positive direction of the z-direction. 

In the above structure, the signal beam oscillated from the 
light emitting point 5110a is transmitted similarly to that in 
25 the fifteenth embodiment to reach the reflecting surface 5813. 



The optical axis of the signal beam is bent in the negative direction 
of the y-direction by the reflecting surface 5813. Further, the 
signal beam is reflected at the reflecting surface 5815 of the 
intermediate exit portion 5814 to be bent in the positive direction 
of the z-direction. The optical axis of the signal beam bent in 
the positive direction of the z-direction undergoes predetermined 
processing at the processor 5816, and is reflected at the reflecting 
surface 5818 of the intermediate incident portion 5817 to be bent 
in the positive direction of the y-direction. The optical axis 
of the signal beam bent in the positive direction of the y-direction 
is bent in the positive direction of the z-direction by the 
reflecting surface 5819. The signal beam exits from an end of 
the sheet-form optical transmission line in the end. 

Inthe sheet-form optical transmission line 5801, theoptical 
path length difference generating portions are the following three 
surfaces: the reflect ing surf ace 5102 , the reflecting surf ace 5813 
and the reflecting surface 5819. Therefore, by making the sum 
of the differences in optical path length between the optical path 
A and the optical path B caused at the three reflecting surfaces 
an integral multiple of the signal beam wavelength, the overall 
phase difference between the optical path A and the optical path 
B can be made zero. 

Moreover, by making zero the sum of the differences in optical 
path length between the optical path A and the optical path B caused 
at the three reflecting surfaces, the overall phase difference 



between the optical path A and the optical path B can be made zero. 
(Twenty- third embodiment) 

Next, a twenty-third embodiment of the present invention 
will be described with reference to FIG. 4 3B. In the twenty- third 
5 embodiment , descriptions of the same parts as those of the fifteenth 
embodiment and the twenty-second embodiment are omitted and only 
different parts will be described. A multi-mode interference 1 
X2 splitter 5900 according to the twenty-third embodiment has 
approximately the same structure as the multi-mode interference 

10 1X2 splitter 5800 shown in FIG. 43A, and is different in that 
the exit portion 5105 is the same as that of the fifteenth embodiment . 
In the figure, the refractive index distribution is omitted. 

In the sheet-form optical transmission line 5901, the optical 
path length difference generating portions are the following four 

15 surfaces: the reflecting surf ace 5102 , the reflecting surf ace 5813, 
the reflecting surface 5819 and the reflecting surface 5103. 
Therefore, by making the sum of the differences in optical path 
length between the optical path A and the optical path B caused 
at the four reflecting surfaces an integral multiple of the signal 

20 beam wavelength, the overall phase difference between the optical 
path A and the optical path B can be made zero. 

Moreover, by making zero the sum of the differences in optical 
path length between the optical path A and the optical path B caused 
at the four reflecting surfaces, the overall phase difference 

25 between the optical path A and the optical path B can be made zero. 
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(Other embodiments ) 

The fifteenth to twenty-third embodiments are not limited 
to the above-described ones but may be appropriately modified. 
For example, while the part that causes the phase difference is 
5 the reflecting surface in the embodiments, it may be a different 
structure as long as the optical path length difference can be 
obtained . 

While the light emitting element 5110 is a vertical cavity 
surface emitting laser in the embodiments, it may be a different 

10 element such as an edge emitting type laser. Moreover, the exit 
portion of a different optical transmission line that transmits 
the signal beam oscillated from an external light source may be 
disposed in the position of the light emitting point 5110a of the 
light emitting element 5110. 

15 Moreover, while the light receiving element 5111 and the 

light receiving element 5112 are photodiodes in the embodiments, 
they may be different elements such as phot otrans is tors . Moreover, 
the incident portion of a different optical transmission line for 
transmitting a signal beam may be disposed in the positions of 

20 the light receiving point 5112a of the light receiving element 
5111 and the light receiving point 5112a of the light receiving 
element . 

While the refractive index distribution is a refractive index 
distribution such that the central refractive index is the highest 
25 (highest refractive index n max ) and the refractive index 
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continuously and centrosymmetrically decreases with distance from 
the center toward the periphery in the embodiments, the present 
invention is not limited thereto. For example, it may be a 
refractive index distribution such that the refractive index 
5 stepwisely decreases from the center like a step function. 

Further, while in the embodiments, the refractive index is 
uniform in the directions, other than the y-direction, of the 
sheet-form optical transmission line to cause the multi-mode 
interference, in the case of an optical data bus sheet or the like, 

10 a desired refractive index distribution may be provided to trap 
the signal beam in the x-direction . Moreover, the number of optical 
path length difference generating portions where the optical path 
length difference is caused may be an arbitrary number. 

For example, a structure may be adopted such that a number, 

15 m (m=l, 2, 3, . . . ) , of optical path length difference generating 
portions where the optical path length difference is caused are 
included and the sum of the optical path length differences caused 
in the number, m, of optical path length difference generating 
portions is equal to a natural multiple of the signal beam 

20 wavelength. 

Moreover, a structure may be adopted such that a number, 
n (n=2 , 3 , 4 , . . . ) , of optical path length difference generating 
portions where the optical path length difference is caused are 
included and the sum of the optical path length differences caused 

25 in the number, n, of optical path length difference generating 
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portions is zero. 

Moreover, while a parallel beam is incident on the sheet-form 
optical transmission line through the incident portion in the first 
and second embodiments, a divergent beam or a convergent beam may 
5 be incident, and it is necessary only that symmetry of the signal 
beam with respect to the central portion of the sheet-form optical 
transmission line be present. 

As described above, the optical devices of the embodiments 
have the following structures: 

10 (1) An optical transmission line is provided that includes 

a refractive index distribution in a first direction (the 
y-direction in the above description) and is capable of 
transmitting a signal beam in a second direction (the z-direction 
in the above description) orthogonal to the first direction, along 

15 a plurality of optical paths. 

(2 ) At least one of the optical axis of the signal beamincident 
on the optical transmission line and the optical axis of the signal 
beam exiting from the optical transmission line is not parallel 
to the second direction. 

20 (3) The phase difference, at the time of the incidence on 

the optical transmission line, between the two optical paths, of 
the plurality of optical paths, incident on the optical 
transmission line symmetrically to each other with respect to the 
optical axis of the signal beam and the phase difference, at the 

25 time of the exit from the optical transmission line, between the 
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two optical paths are the same. 

Since the optical devices according to the embodiments have 
the structure of (1), the optical transmission line is provided 
with a refractive index distribution, so that the mode dispersion 
5 is suppressed in the signal beam transmitted through the optical 
transmission line. Consequently, a collapse of the waveform of 
the transmitted signal beam does not occur, so that gigabit-class 
high-frequency signal beams can be transmitted in multiple modes. 

Since the optical devices according to the embodiments have 

10 the structure of (2), the incident portion and the exit portion 
function as nonparallel incident portions. Therefore, when 
optical parts such as a laser and a senor are mounted, it is easy 
to adjust the height between the optical parts and the optical 
transmission line. Consequently, these optical parts can be 

15 easily mounted. Moreover, since optical parts can be directly 
mounted on the electric purpose substrate, the optical device can 
be made compact . 

Moreover, since the optical devices according to the 
embodiments have the structure of (3) , the light beams transmitted 

20 along two optical paths are coupled together without any loss when 
exiting from the optical transmission line. 

In particular, when at least one of the optical axis of the 
signal beam incident on the optical transmission line and the 
optical axis of the signal beam exiting from the optical 

25 transmission line is orthogonal to the second direction like in 
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the optical devices according to the embodiments, the outside and 
the optical transmission line can be easily coupled together. For 
example, when optical parts such as a light emitting element that 
emits the signal beam that is incident on the optical transmission 
5 line and a light receiving element that receives the signal beam 
having exited from the optical transmission line are coupled to 
the optical transmission line, the optical parts can be easily 
mounted . 

(Self-imaging principle of the multi-mode interference) 

10 Next, the relationship between the structure that 

compensates for the optical path length difference described in 
the embodiments and the physical optical path length of the 
sheet-form optical transmission line necessary for splitting the 
signal beam based on the self-imaging principle of the multi-mode 

15 interference will be described . In this description, for the sake 
of simplification, a case where one beam is split into two beams 
by use of the self-imaging principle in the optical device of the 
fifteenth embodiment will be described as an example. 

FIG. 44 is a perspective view showing the structure of the 

20 multi-mode interference 1X2 splitter 5100 according to the 
fifteenth embodiment of the present invention. FIG. 45 is a 
partial cross-sectional view of the sheet-form optical 
transmission line 5101 according to the fifteenth embodiment. 
FIG. 45 shows the C-D-G-H plane shown in FIG. 44. In FIGs . 44 

25 and 45, the detailed structure which is described in the fifteenth 



embodiment is omitted, and only parts required to be newly described 
will be described. 

In FIGs . 44 and 45, the physical optical path length in the 
z-direction based on the self-imaging principle is LI . Moreover, 
5 the physical optical path length from the reflecting surface 5102 
to the reflecting surface 5103 of the sheet-form optical 
transmission line 5101 at the central portion 5101a is L2 . 

In FIG. 45, in the sheet- form optical transmission line 5101 , 
the refractive index is uniform within a plane parallel to the 

10 z-x plane. Therefore, of the optical paths of the signal beam, 
the optical path O incident on the central portion 5101a travels 
in a straight line without affected by the refractive index 
distribution. The refractive index that affects the optical path 
0 while the optical path O is traveling in a straight line is uniform. 

15 On the other hand, on the optical path A, the refractive index 
incessantly changes as the beam travels in the transmission 
direction. Therefore, in the description of the multi-mode 
interference, these two optical paths will be separately described . 

The signal beam transmitted along the optical path O incident 

20 on the central portion 5101a is transmitted within a plane of the 
uniform effective refractive index n 0 . Therefore, LI can be 
calculated by applying the self -imaging principle. According to 
the self-imaging principle, it is known that the configuration 

of the signal beam periodically transmitted with the L^ shown in 
25 the following (Expression 18) as the unit returns to the same 
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configuration as that of the incident signal beam. 

71 

r— (Expression 18) 

A-fl 

On the behavior of the incident signal beam, the calculation 
based on the self-imaging principle can be performed according 
5 to the position, in the x-direction, where the signal beam is 
incident on the optical transmission line. For example, it is 
known that like in the fifteenth embodiment, for the signal beam 
incident on the central position in the x-direction, the same 
waveform is obtained with 3/4 as the period. 

7i 4nJV 2 , . 
10 = — 2 Expression 19) 

Po-Px U 

Here, n 0 is the effective refractive index, of the Oth-order mode 
beam excited in the direction of the width, corresponding to the 
highest refractive index n max at the center, W is the size, in the 
x-direction, of the sheet-form optical transmission line, and X 

15 is the wavelength of the transmitted signal beam. 

As described above, the self-imaging principle is 
characterized in that the transmission line length of the 
sheet-form optical transmission line is a function of the 
difference between the basic mode and the primary mode . Moreover, 

20 the self-imaging principle is characterized in that the difference 
between the basic mode and the primary mode is approximately 
determined by the wavelength X of the signal beam, the effective 
refractive index n 0 and the size W in the direction of the width. 
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Moreover, according to the self-imaging principle, the 
position where the signal beam incident on the central position 
in the x-direction passes through the central position in the 
x-direction and is condensed so as to be split into a number, N, 
5 of beams symmetrically with respect to a plane parallel to the 
y-z plane is a position shifted by (1/N) 3/4 L tz in the z-direction 
from a position where the output waveform becomes the same. 

From the above, in order that the signal beam incident on 
the central position of the size W, in the x-direction, of the 
10 sheet-form optical transmission line 5101 passes through the 
central position in the x-direction and is condensed so as to be 
split into a number, N, of beams symmetrically with respect to 
a plane parallel to the y-z plane, it is necessary that the physical 
optical path length LI satisfy the following (Expression 20) : 



Here, since p (PiSO) and N (N2^1) are both integers and LI is a 
positive number , a relationship where (p±l/N) is a positive number 
is satisfied. 

Calculating LI when the number of splits is two (when N=2) , 
20 (Expression 20) is modified to obtain the following (Expression 



15 




(Expression 20) 



21) : 




(Expression 21) 



As is apparent from (Expression 21 ) , in the case of the fifteenth 



250 



embodiment, the signal beam can be split by providing the exit 
portion in a position corresponding to the period which is an odd 
multiple (1, 3, 5, . . . ) of n 0 W 2 /(2A.) with n 0 W 2 /(2X) as the unit. 

On the other hand, the optical path A incident on a position 
5 away from the center is transmitted while meandering in the 
sheet-form optical transmission line 5101 by being affected by 
the refractive index distribution. Therefore, the refractive 
index that affects the signal beam transmitted along the optical 
path A is not uniform. 

10 On the optical path A, when traveling in a direction away 

from the central portion 5101a, the signal beam travels in a 
direction that gradually increases the angle from the y-direction, 
because it always travels from where the refractive index is high 
to where the refractive index is low. That is, when traveling 

15 in a direction away from the central portion 5101a, the optical 
path A approaches so as to become parallel to the z-direction with 
distance from the central portion 5101a. 

Conversely, on the optical path A, when traveling in a 
direction that approaches the central portion 5101a, the signal 

20 beam travels in a direction that gradually decreases the angle 
from the y-direction, because it always travels from where the 
refractive index is low to where the refractive index is low. That 
is, when traveling in a direction that approaches the central 
portion 5101a, the optical path Aapproaches so as to become vertical 

25 to the z-direction as it approaches the central portion 5101a. 
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By repeating this action, the optical path A travels while 
meandering . 

As described above, the signal beam on the optical path A 
always travels at a finite angle with respect to the y-direction. 
5 Consequently, the speed of the signal beam transmitted along the 
optical path A increases when the signal beam travels in a direction 
away from the central portion 5101a. Conversely, the speed of 
the signal beam transmitted along the optical path A decreases 
when the signal beam travels in a direction that approaches the 
10 central portion 5101a. 

The refractive index distribution of the sheet-form optical 
transmission line 5101 is expressed by a quadratic function that 
satisfies the above-mentioned (Expression 9) . By appropriately 
setting the refractive index distribution, the speed component, 
15 in the z-direction, of the optical path A is the same as the speed 
component, in the z-direction, of the optical path O. 

That the speed component of the beam in the z-direction is 
constant means that there is no phase disturbance in the z-direction . 
Therefore, when the sheet-form optical transmission line 5101 is 
20 structured so as to satisfy (Expression 21) , the signal beam 
transmitted along the optical path Abehaves similarly to the signal 
beam transmitted along the optical path O. 

As described above, as long as the physical optical path 
length LI satisfies (Expression 21) , the signal beam transmitted 
25 along the optical path A is condensed so as to be split into two 
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beams in the x-direction based on the self -imaging principle . For 
this reason, by providing the exit portion in the condensation 
position calculated based on (Expression 21) , the signal beam can 
be made to exit so as to be split into two beams. 
5 However, in order that the intensity distributions of the 

incident signal beam and the exiting signal beam completely match 
with each other, it is necessary that the previously-described 
phase differences caused at the reflecting surface 5102 and the 
reflecting surface 5103 be zero. 
10 The physical optical path length of the sheet-form optical 

transmission line 5101 where the phase difference is zero is as 
obtained by (Expression 12) . Obtaining L2 from the condition of 
(Expression 12 ) , thefollowing (Expression 22 ) whichis (Expression 
12) to which d is added is obtained: 

15 L 2 =—j + d ( j=0, 1, 2, 3, . . . ) (Expression 22) 

g 

Table 2 shows, results of concrete calculations of the 
relationship between the shortest physical optical path length 
LI where the signal beam can be split into two beams based on the 
self-imaging principle of the multi-mode interference and the 
20 shortest physical optical path length L2 that compensates for the 
phase differences caused at the reflecting surfaces in the 
sheet-form optical transmission line 5101. Here, the refractive 
index n 0 =1.5, the wavelength A. =0.85 jam, and the refractive index 
distribution coefficient g is set so as to decrease by approximately 
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1% from the center at d/2. Moreover, of the LI cells, IX and 
2 X show the separation widths W, in the x-direction, of the 
sheet-form optical transmission line which widths W are once and 
twice the thickness d, in the y-direction, of the sheet-form optical 
5 transmission line 5101 in the exit portion. 
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Table 2 





Thickness 
op1 


>, in the y-direction, of the sheet-form 
tical transmission line d [urn] 


50 


100 


200 

Cm \J\J 


1000 


Refractive index 
distribution coefficient 
g [mm' 1 ] 


5.6 


2.8 


1.414 


0.28 


Shortest physical 
optical path length L2 
that compensates for 
the phase differences 
caused at the reflecting 
surfaces L2 [mm] 


1.17 


2.34 


4.69 


23.2 


Shortest physical 

optical path 
length L1 where 
the signal beam 
can be split into 
two beams by 
the multi-mode 
interference 
L1 [mm] 


1x 


8.8 


35.3 


141 


352 


2x 


35.2 


141 


565 


14118 



As is apparent from Table 2, to simultaneously satisfy the 
optical path length L2 and the optical path length LI, a value 
5 that is an integral multiple of L2 and an odd multiple of LI is 
adopted in the sheet-form optical transmission line 5101. 

However, it is difficult that these completely coincide with 
each other. Therefore, it is necessary to make a fine adjustment 
by use of LI where the permissible width for the length in the 
10 transmission direction is larger than L2 . As is understood from 
Table 2, since L2 takes a much lower value than LI, in order that 
these match with each other, L2 is adjusted and a physical optical 
path length substantially coinciding with LI is adopted. For 
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example, by multiplying L2 substantially by 8, LI necessary for 
splitting only the width d into two beams in the x-direction is 
obtained. 

As described above, in the optical devices of the embodiments, 
5 the physical optical path length that compensates for the phase 
difference of the signal beam incident from a direction orthogonal 
to the refractive index distribution and the physical optical path 
length where the signal beam can be split based on the self-imaging 
principle under the condition of the self-imaging principle of 

10 the multi-mode interference coincide with each other. 
Consequently, when the incident signal beam exits so as to be split 
into two beams by the multi-mode interference, the incident and 
exit portions and the sheet-form optical transmission line can 
be coupled together without any loss. 

15 As described above, in the optical devices of the embodiments, 

the physical optical path length that compensates for the phase 
differences caused at the reflecting surfaces and the physical 
optical path length based on the condition of the self-imaging 
principle of the multi-mode interference coincide with each other . 

20 Consequently, when the incident signal beam exits so as to be split 
into two beams by the .multi-mode interference, the incident and 
exit portions and the sheet-form optical transmission line can 
be coupled together without any loss. 

While an example in which the signal beam is split into two 

25 beams in symmetrical positions, in the x-direction, of the 
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sheet-form optical transmission line 5101 is shown in the above 
example, the present invention is not limited to the embodiment . 

FIGs. 46A to 46D are schematic views showing examples of 
the input and output structure of the optical device. FIGs, 46A 
5 to 46D are all views viewed from a plane parallel to the z-x plane 
of the optical device . 

FIG. 46A is a schematic view of an optical device, using 
the multi-mode interference, of another embodiment. The optical 
device described in FIG. 46A is a splitter where the signal beam 

10 incident through one incident portion Inputl is split by the 
multi-mode interference and exits from two exit portions Outputl 
and Output 2 . The incident portion Inputl is disposed in a position 
away from the central position, in the z-direction, of the optical 
device. The exit portion Outputl is disposed on a line passing 

15 through the incident portion Input 1 and parallel to the z-axis. 
The exit portion Output 2 is disposed at a distance in the x-direction 
from the exit portion Outputl. 

FIG. 46B is a schematic view of an optical device, using 
the multi-mode interference, of another embodiment. The optical 

20 device described in FIG. 46B is a combiner in which the signal 
beams incident through two incident portions Inputl and Input2 
are combined together by the multi-mode interference and exit from 
one exit portion Outputl . The two input portions Inputl and Input2 
are disposed symmetrically with respect to a line passing through 

25 the center in the x-direction and parallel to the z-axis. The 
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exit portion Outputl is disposed on the line passing through the 
center in the x-direction and parallel to the z-axis. 

FIG. 46C is a schematic view of an optical device, using 
the multi-mode interference, of another embodiment. The optical 
5 device described in FIG. 46C is a combiner in which the signal 
beams incident through two incident portions Inputl and Input2 
are combined together by the multi-mode interference and exit from 
one exit portion Outputl . The two input portions Inputl and Input2 
are disposed symmetrically with respect to the line passing through 

10 the center in the x-direction and parallel to the z-axis. The 
exit portion Outputl is disposed on the line passing through the 
input portion Inputl and parallel to the z-axis. 

FIG. 46D is a schematic view of an optical device, using 
the multi-mode interference, of another embodiment. The optical 

15 device described in FIG. 46D is a combiner in which the signal 
beams incident through two incident portions Inputl and Input2 
are combined together and split by the multi-mode interference 
and exit from two exit portions Outputl and Output2 . The two input 
portions Inputl and Input2 are disposed symmetrically with respect 

20 to the line passing through the center in the x-direction and 
parallel to the z-axis. The two exit portions Outputl and Output2 
are disposed symmetrically with respect to the line passing through 
the center in the x-direction and parallel to the z-axis. 

The condition of the self -imagingprinciple of the multi-mode 

25 interference differs among the optical devices described in 
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FIGs. 46A to 46D. Therefore, the condition of the self -imaging 
principle of the multi-mode interference is changed and the 
physical optical path length is adjusted. By doing this, in the 
optical devices described in FIGs . 46A to 46D, the physical optical 
5 path length that compensates for the phase difference caused at 
the reflecting surfaces and the physical optical path length based 
on the condition of the self-imaging principle of the multi-mode 
interference coincide with each other. Consequently, when the 
incident signal beam is split by the multi-mode interference and 

10 made to exit, the incident and exit portions and the sheet-form 
optical transmission line can be coupled together without any loss . 

Further, the present invention is not limited to the 
above-described incident and exit structure of the optical device, 
but is applicable to an optical device that has a number, M 

15 (M=l, 2, 3, . . . ) , of incident portions for making a signal beam 
incident on the sheet-form optical transmission line and a number, 
N (N=l, 2,3,...), of exit portions for making a signal beam exit 
from the sheet-form optical transmission line, and couples the 
incident and exit portions by the multi-mode interference. 

20 (1) A sheet-form optical transmission line including a 

refractive index distribution in a first direction, being capable 
of transmitting the signal beam in a second direction orthogonal 
to the first direction, and being capable of trapping the signal 
beam in the first direction, 

25 (2) a number, M (M=l , 2 , 3 , . . . ) , of incident portions for 



making the signal beam incident on the optical transmission line, 
(3) a number, N (N=l, 2,3,...), of exit portions for making 
the signal beam exit from the optical transmission line 
are provided, and 
5 (4) the number, M, of incident portions and the number, N, 

of exit portions include at least one nonparallel incident and 
exit portion that is coupled to the sheet -form optical transmission 
line in a direction where the optical axis of the signal beam 
transmitted inside is not parallel to the second direction. 

10 (5) Between two optical paths incident on the sheet-form 

optical transmission line symmetrically to each other with respect 
to the optical axis of the signal beam, of a plurality of optical 
paths of the signal beam transmitted between the nonparallel 
incident and exit portion and the corresponding incident portion 

15 or exit portion, the phase difference at the time of the incidence 
on the sheet-form optical transmission line and the phase 
difference at the time of the exit from the sheet-form optical 
transmission line are the same. 

(6) The number, M, of incident portions and the number, N, 

20 of exit portions are all disposed in positions satisfying the 
condition of the self-imaging principle of the multi-mode 
interference . 

Since the multi-mode interference 1X2 splitter according 
to the embodiment has the structure of (1), the mode dispersion 
25 is suppressed in the signal beam transmitted through the optical 

260 



transmission line. Consequently, a collapse of the waveform of 
the transmitted signal beam does not occur, so that gigabit-class 
high-frequency signal beams can be transmitted in multiple modes. 

Since the multi-mode interference 1X2 splitter according 
5 to the embodiment has the structure of (4), when optical parts 
such as a laser and a senor are mounted, it is easy to adjust the 
height between the optical parts and the optical transmission line . 
Consequently, these optical parts can be easily mounted . Moreover, 
since optical parts can be directly mounted on the electric purpose 

10 substrate, the optical device can be made compact. 

Moreover, since the multi-mode interference 1X2 splitter 
according to the embodiment has the structure of (5), the light 
beams transmitted along two optical paths are coupled together 
without any loss when exiting from the optical transmission line. 

15 Moreover, since the multi-mode interference 1X2 splitter 

according to the embodiment has the structures of (2) , (3) and 
(6) , the signal beams incident through the incident portions exit 
from the exit portions by the multi-mode interference. 
(Twenty- fourth embodiment) 

20 FIG. 47A is a perspective view showing the general outline 

of a graded index slab waveguide of an optical device that splits 
one beam into two beams according to a twenty-fourth embodiment 
of the present invention. The optical device according to the 
twenty-fourth embodiment comprises as a main element a graded index 

25 slab waveguide 4701 that transmits beams as shown in FIG. 47A. 
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The graded index slab waveguide 4701 is, as shown in FIG. 47A, 
a sheet-form multi-mode optical transmission line that extends 
on the x-z plane. The graded index slab waveguide 4701 has a 
refractive index distribution such that the highest refractive 
5 index n max is provided at the center in the direction of the thickness 
and the refractive index does not increase with distance from the 
center. The graded index slab waveguide 4701 has a uniform 
refractive index in the direction of the width and has no refractive 
index. The graded index slab waveguide 4701 has an incident and 

10 exit surface 4702 and a reflecting surface 4703. 

The incident and exit surface 4702 is opposed to all of an 
incident portion (not shown) that makes an incident beam 4704 
incident on the central position in the direction of the width, 
a light receiving portion (not shown) that receives an exiting- 

15 beam 4705 exiting from a position symmetrical with respect to the 
center in the direction of the width and a light receiving portion 
(not shown) that receives an exiting beam 4706. Moreover, the 
reflecting surface 4703 is a total reflection surface formed by 
evaporating a metal such as aluminum onto an end surface. The 

20 reflecting surface 4703 totally reflects all of the incident signal 
beam. 

In the twenty-fourth embodiment, in the graded index slab 
waveguide 4701, the slab length L/2 substantially coincides with 
n 0 XW 0 2 /(4X), and the distance Dl between the exiting beam 4705 
25 and the exiting beam 4706 substantially coincides with W 0 /2 . Here, 
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nO is the effective refractive index of the Oth-order mode beam 
excited in the direction of the width. 

The graded index slab waveguide 4701 has a slab length half 
that of the graded index slab waveguide 101 described in the optical 
5 device that splits one beam incident on the central position into 
two beams which optical device is described in the first embodiment . 
Therefore, the signal beam incident on the graded index slab 
waveguide 4701 through the incident portion propagates along a 
length equal to the optical path described in the first embodiment 

10 by propagating in the positive direction of the z-direction, being 
reflected at the reflecting surface 4703 and propagating in the 
negative direction of the z-direction. Consequently, the signal 
beam forms images having the same profile as the incident beam 
in positions of the exiting beam 4705 and the exiting beam 4706 

15 based on the self -imaging principle of themulti-mode interference. 
The formed images are outputted as the exiting beams. 

As described above, according to the optical device of the 
twenty-fourth embodiment, an optical splitter that splits an 
incident beam incident on the central position in the direction 

20 of th width into two beams symmetrically with respect to the center 
in the direction of the width can be realized with a graded index 
slab waveguide having a slab length half that of the first embodiment . 
Moreover, the optical device according to the twenty-fourth 
embodiment is capable of making the incident beam incident on the 

25 central position in the direction of the width exit from the same 
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surface on which the incident beam is incident, as two exiting 
beams into which the incident beam is split symmetrically with 
respect to the center in the direction of the width. 

FIG. 47B is a perspective view showing the general outline 
5 of a graded index slab waveguide of an optical device that splits 
one beam into two beams according to a modification of the 
twenty-fourth embodiment of the present invention. The optical 
device according to the modification of the twenty-fourth 
embodiment comprises as a main element a graded index slab waveguide 

10 4801 that transmits beams as shown in FIG. 47B. The graded index 
slab waveguide 4801 is, as shown in FIG. 47B, a sheet-form 
multi-mode optical transmission line that extends on the x-z plane . 
The graded index slab waveguide 4801 has a refractive index 
distribution such that the highest refractive index n max is provided 

15 at the center in the direction of the thickness and the refractive 
index does not increase with distance from the center. The graded 
index slab waveguide 4801 has a uniform refractive index in the 
direction of the width and has no refractive index. The graded 
index slab waveguide 4 8 01 has an incident surface 4 8 02, a reflecting 

20 surface 4803 and an exit surface 4807. 

The incident surface 4802 is opposed to all of an incident 
portion (not shown) that makes an incident beam 4804 incident on 
the central position in the direction of the width, a light receiving 
portion (not shown) that receives an exiting beam 4805 exiting 

25 from a position symmetrical with respect to the center in the 
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direction of the width and a light receiving portion (not shown) 
that receives an exiting beam 4806. The exit surface 4807 is 
opposed toall of a light receiving portion (not shown) that receives 
an exiting beam 4808 exiting from a position symmetrical with 
5 respect to the center in the direction of the width and a light 
receiving portion (not shown) that receives an exiting beam 4809. 
Moreover, the reflecting surface 4803 is a half mirror formed by 
evaporating a metal such as aluminum onto an end surface. The 
reflecting surface 4803 transmits half of the incident signal beam 

10 and reflects the remainder of the incident signal beam. 

In the modification of the twenty-fourth embodiment, in the 
graded index slab waveguide 4801, the slab length L substantially 
coincides with n 0 XW 0 2 / (2X) , and the distance Dl between the exiting 
beam 4805 and the exiting beam 4806 substantially coincides with 

15 W 0 /2. Moreover, the reflecting surf ace 4803 is formed in a position 
where the slab length L is just half the length. Here, n 0 is the 
effective refractive index of the Oth-order mode beam excited in 
the direction of the width. 

By the above structure, the signal beam incident on the graded 

20 index slab waveguide 4801 through the incident portion propagates 
in the positive direction of the z-direction, and part thereof 
is reflected at the reflecting surface 4803 and the remainder 
thereof is transmitted. The reflected signal beam exits from the 
incident surface 4802 as the exiting beam 4805 and the exiting 

25 beam 4806 based on the self-imaging principle of the multi-mode 
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interference as described in the twenty-fourth embodiment. On 
the other hand, the transmitted signal beam exits as the exiting 
beam 4808 and the exiting beam 4809 based on the self-imaging 
principle of the multi-mode interference completely similarly to 
5 the first embodiment. 

As described above, according to the optical device of the 
modification of the twenty-fourth embodiment, an optical splitter 
that splits the incident beam incident on the central position 
in the direction of the width into four beams symmetrically with 

10 respect to the center in the direction of the width can be realized 
with a graded index slab waveguide having the same slab length 
as the first embodiment. Moreover, the optical device according 
to the modification of the twenty-fourth embodiment is capable 
of making the incident beam incident on the central position in 

15 the direction of the width exit in two different directions as 
two exiting beams into which the incident beam is split 
symmetrically with respect to the center in the direction of the 
width . 

20 INDUSTRIAL APPLICABILITY 

The present invention is suitable for optical devices such 
as an optical splitter, an optical combiner, an optical 
demultiplexer, an optical multiplexer, a star coupler and an 
optical switch used for high-speed multi-mode optical 

25 communication. Moreover, the present invention is suitable for 
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an optical straight sheet bus, an optical cross sheet bus and the 
like used for high-speed multi-mode optical wiring. 
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